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(54) Method and apparatus for detecting a functional condition of an NOx occlusion catalyst 



(57) A method and apparatus for detecting a func- 
tional condition of an NOx occlusion catalyst (S3) using 
an NOx sensor (2). In order to compensate for varia- 
tions in oxygen concentration of the exhaust gas which 
would otherwise affect the detected NOx concentration 
downstream of the NOx occlusion catalyst (S3), a rela- 
tive value is calculated as the difference between the 
detected NOx concentration and the value of the 
detected NOx concentration initially after start of opera- 



tion control of an internal combustion engine (S1) at a 
lean air-fuel ratio. The occlusion capability of the NOx 
occlusion catalyst (S3) is judged to have deteriorated 
when an increase in the relative value exceeds a prede- 
termined value. On the other hand, the NOx occlusion 
catalyst (S3) is judged to have suffered an anomaly 
when the rate of increase in the relative value becomes 
greater than a predetermined allowable value. 
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Description 

[0001] The present invention relates to a method and 
apparatus for detecting a functional condition of an NOx 
occlusion catalyst. s 
[0002] NOx-concentration detecting apparatus for 
detecting the concentration of NOx (NOx) contained in 
exhaust gases from internal combustion engines and 
the like using an NOx sensor are disclosed, for exam- 
ple, in European Patent Application Laid-Open No. 10 
0678740A1 and SAE Paper No. 960334, pp. 137-142, 
1996. An NOx sensor used in such a conventional NOx- 
concentration detecting apparatus is composed of oxy- 
gen-ion conductive solid electrolyte layers that define a 
first measurement space and a second measurement is 
space. The first measurement space communicates 
with a gas to be measured (hereinafter called "a meas- 
urement gas") via a first diffusion-controlling layer, and 
the second measurement space communicates with the 
first measurement space via a second diffusion-control- 20 
ling layer. Furthermore, the solid electrolyte layer of the 
first measurement space is sandwiched between 
porous electrodes so as to form a first oxygen-pumping 
cell and an oxygen-concentration-measuring cell. Also, 
the solid electrolyte layer of the second measurement 25 
space is sandwiched between porous electrodes so as 
to form a second oxygen -pumping cell. 
[0003] In the thus-configured NOx-concentration 
detecting apparatus, current is applied to the first oxy- 
gen-pumping cell such that the output voltage from the 30 
oxygen-concentration-measuring cell achieves a prede- 
termined value, thereby controlling the concentration of 
oxygen contained in the first measurement space at a 
constant level. At the same time, a constant voltage is 
applied to the second oxygen-pumping cell to thereby 35 
pump out oxygen from the second measurement space. 
At this time, the NOx concentration of a measurement 
gas can be obtained by measuring the current flowing 
through the second oxygen-pumping cell. 
[0004] A measurement gas, e.g., exhaust from an 40 
internal combustion engine or the like, contains gas 
components other than NOx, such as oxygen, carbon 
monoxide and carbon dioxide. Thus, in the aforemen- 
tioned NOx-concentration detecting apparatus, first, the 
first oxygen-pumping cell is activated so as to control 45 
the concentration of oxygen contained in the first meas- 
urement space to a very low level. Then, in the second 
measurement space into which the measurement gas 
controlled to a low oxygen concentration flows, a con- 
stant voltage is applied to the second oxygen-pumping so 
cell in a direction such that oxygen is pumped out from 
the second measurement space. As a result, NOx con- 
tained in the measurement gas is decomposed into 
nitrogen and oxygen by means of the catalyzing func- 
tion of the porous electrodes of the second oxygen- 55 
pumping cell, and the thus-generated oxygen is then 
pumped out from the second measurement space. 
Thus, the NOx concentration of the measurement gas 



can be obtained by measuring the current flowing 
through the second oxygen-pumping cell with no influ- 
ence of other gas components contained in the meas- 
urement gas. 

[0005] In an NOx-concentration measuring apparatus 
of this kind, in order to accurately detect the concentra- 
tion of NOx by the detecting method described above, 
the sensor must be heated to a predetermined active 
temperature (for example, 800°C or higher) so as to 
activate the cells. Therefore, a heater for heating the 
sensor is additionally provided. 
[0006] In recent years, in order to improve fuel con- 
sumption and attain high efficiency for internal combus- 
tion engines using gasoline as a fuel, internal 
combustion engines have been developed that are con- 
trolled so as to operate at a lean air-fuel ratio, where the 
amount of air is large with respect to that of the fuel 
(lean burn engines, direct injection engines, etc.). Nor- 
mally, in an internal combustion engine, NOx and 
unburned components (HC and CO) contained in 
exhaust gas are made to react with each other using a 
three-way catalytic converter to reduce NOx to N 2 , 
thereby purifying the exhaust gas. In operating at a lean 
air-fuel ratio, a large amount of oxygen is contained in 
the exhaust gas. As a result, the oxygen reacts with 
unburned components, resulting in a failure to remove 
NOx. 

[0007] To solve the above problem, a so-called NOx 
occlusion catalyst is used, which is a three-way catalytic 
converter containing an NOx storage material for stor- 
ing NOx contained in exhaust gas in the form of nitrate. 
However, because of the limited amount of NOx that 
can be occluded in the NOx occlusion catalyst, the con- 
trol for refreshing the NOx occlusion catalyst so as to 
restore its capacity for storing NOx is performed in the 
following manner. The air-fuel ratio of a mixture fed to an 
internal combustion engine is temporarily controlled to a 
rich air-fuel ratio, where the amount of fuel is relatively 
large, before the amount of stored NOx reaches the 
above capacity limit. The resulting exhaust gas contains 
a large amount of unburned components from the inter- 
nal combustion engine. This causes the unburned com- 
ponents to react with NOx stored in the NOx occlusion 
catalyst, thereby refreshing the NOx occlusion catalyst 
so that its capability of storing NOx is restored. 
[0008] Such a refreshing operation is performed peri- 
odically at constant intervals or when the amount of 
leakage of NOx from the NOx occlusion catalyst 
exceeds a predetermined level. In the latter case, the 
amount of NOx leakage is detected using the NOx-con- 
centration measuring apparatus described above, 
including the NOx sensor installed in an exhaust pas- 
sage of the internal combustion engine at a location 
downstream of the NOx occlusion catalyst. 
[0009] In order to perform accurate control, the NOx 
sensor used in such an application must at least be able 
to determine the NOx concentration in units of 1 00 ppm. 
[0010] In the NOx sensor, when the oxygen concen- 
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tration in the first measurement space is controlled to 
zero by controlling the pumping current, NOx compo- 
nents contained in a measurement gas contained in the 
first measurement space are decomposed. As a result, 
the NOx concentration cannot be measured using the 
second oxygen-pumping cell. Normally, therefore, the 
oxygen concentration in the first measurement space is 
controlled such that a small amount of oxygen remains 
within the first measurement space (for example, a low 
oxygen concentration of about 1000 ppm). Accordingly, 
a second pumping current flowing through the second 
oxygen-pumping cell includes an offset due to the influ- 
ence of the remaining oxygen. Fig. 1 1 schematically 
shows the relationship between the oxygen concentra- 
tion in a measurement gas and the first pumping-cur- 
rent, as well as the relationship between the NOx 
concentration and the second pumping-current. 
[001 1 ] Fig. 1 2 shows the results of measuring the off- 
set of the second pumping current when an apparatus is 
operated while a test gas not containing NOx is used as 
a measurement gas (measurement with three different 
sensors). 

[0012] The line with circles indicates an NOx sensor 
No. 1, the line with black diamonds indicates an NOx 
sensor No. 2, and the line with black triangles indicates 
an NOx sensor No. 3. 

[001 3] As shown in Fig. 1 2, the amount of offset varies 
depending on the differences between NOx sensors 
and also on the air-fuel ratio of the measurement gas. 
When the air-fuel ratio varies with changes in operating 
conditions or the like, the offset varies accordingly, by 
several to tens of ppm. However, in order to accurately 
perform refreshment control for the NOx occlusion cata- 
lyst, the NOx concentration must at least be determined 
in units of 100 ppm. Thus, a sufficient detection accu- 
racy has not yet been obtained. 
[0014] Thus, in order to reliably prevent the increase 
in NOx leakage from the NOx occlusion catalyst beyond 
a predetermined value, a refreshing operation must be 
initiated while considerable allowance is given to the 
NOx occlusion capability of the NOx occlusion catalyst 
in view of variations in offset. This causes a failure to 
sufficiently utilize the capability of the NOx occlusion 
catalyst. This tendency is also observed when the 
refreshing operation is performed periodically. 
[001 5] When sulfur (S) is present in exhaust gas, the 
NOx occlusion catalyst stores the sulfur, in the form of 
sulfate, on an NOx storage material. Since sulfate is 
less likely to react with unburned components than is 
nitrate, sulfate cannot be removed by executing the 
refreshing operation described above. As a result, the 
NOx occlusion capability deteriorates to an extent cor- 
responding to the amount of accumulated sulfate. 
[0016] When the NOx occlusion capability deterio- 
rates as above, in the case of periodic refreshment, the 
cleaning capability with respect to NOx deteriorates. On 
the other hand, whereas in the case of refreshment 
based on a detected NOx concentration, refreshment is 



performed frequently, causing a deterioration in fuel 
consumption and efficiency of the internal combustion 
engine. 

[0017] It is known that, by executing, for example, the 

5 above-described refreshment with the NOx occlusion 
catalyst being held at a higher temperature (hereinafter 
referred to as catalyst burnout), sulfate can be removed 
by reacting with unburned components. Thus, conceiv- 
ably, sulfate can be removed periodically. However, 

10 because of a larger burden on the NOx occlusion cata- 
lyst as compared with the case of normal refreshment 
for the removal of nitrate and potential deterioration of 
the NOx occlusion catalyst, sulfate removal is desirably 
performed only as needed. 

15 [0018] On the other hand, Fig. 16 shows a second 
pumping current IP2 measured with the NOx sensor 
located downstream of the NOx occlusion catalyst when 
the operation control mode of an internal combustion 
engine is switched from operation control at a theoreti- 

20 cal air-fuel ratio to operation control at a lean air-fuel 
ratio. 

[001 9] As shown in Figs. 1 6(a) and 1 6(b), immediately 
after operation control at a theoretical air-fuel ratio is 
switched to operation control at a lean air-fuel ratio (time 

25 t0), the concentration of oxygen contained in exhaust 
gas varies greatly, and thus the second pumping current 
varies transiently. In order to wait for variation in the sec- 
ond pumping current to settle, a waiting time Tw is pro- 
vided. A second pumping current first detected after the 

30 elapse of the waiting time Tw is determined to be a ref- 
erence value IP2s. 

[0020] In the case of determining the reference value 
IP2s as above, the following problem is involved. When 
the occlusion capability of the NOx occlusion catalyst 

35 deteriorates significantly due to, for example, exfoliation 
of a large amount of an NOx occlusion material, the 
second pumping current IP2 increases abruptly imme- 
diately after the operation control mode is Switched to 
lean control, as shown in Fig. 16(c). In this case, at time 

40 t1 when detection is first carried out after elapse of the 
waiting time Tw, the second pumping current IP2 has 
already increased greatly. Thus, if the second pumping 
current IP2 detected at time t1 is used as the reference 
value IP2s in calculating a relative value of a subse- 

45 quently detected second pumping current IP2, the rela- 
tive value will not exceed the predetermined value Ic, 
which serves as a reference value in judging a func- 
tional deterioration of the NOx occlusion catalyst. As a 
result, control may be disabled. 

so [0021 ] Thus, it is the object of the present invention to 
overcome the drawbacks and disadvantages of the prior 
art. This object is solved by the apparatus according to 
independent claims 3, 7, 15, 21, 22 and 23 and the 
method according to independent claims 1, 2, 19, 20 

55 and 26. 

[0022] Further advantageous features, aspects and 
details of the invention are evident from the dependent 
claims, description, examples and figures. The claims 
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are to be understood as a first non-limiting approach of 
defining the invention in general terms. 
[0023] The present invention generally relates to a 
method and apparatus for detecting a functional condi- 
tion of an NOx occlusion catalyst using an NOx sensor s 
adapted to detect the concentration of NOx emitted 
from various combustion apparatus, including internal 
combustion engines. 

[0024] According to one aspect, the present invention 
seeks to provide a method and apparatus for accurately 10 
detecting a functional condition of an NOx occlusion 
using an NOx sensor. 

[0025] In one aspect of the invention, the above object 
has been achieved by providing: 

15 

(1) A method for detecting a functional condition of 
an NOx occlusion catalyst, wherein an NOx sensor 
is disposed in an exhaust pipe of an internal com- 
bustion engine at a location downstream of the NOx 
occlusion catalyst, said NOx sensor comprising a 20 
first measurement space having a first oxygen- 
pumping cell and an oxygen-concentration-meas- 
uring cell and communicating with a measurement 
gas via a first diffusion-controlling layer, each of the 
first oxygen-pumping cell and the oxygen-concen- 25 
tration-measuring cell comprising an oxygen-ion 
conductive solid electrolyte layer and porous elec- 
trodes disposed on opposite surfaces of the oxy- 
gen-ion conductive solid electrolyte layer; a second 
measurement space having a second oxygen- 30 
pumping cell and communicating with the first 
measurement space via a second diffusion -control- 
ling layer, the second oxygen-pumping cell com- 
prising an oxygen-ion conductive solid electrolyte 
layer and porous electrodes disposed on opposite 35 
surfaces of the oxygen-ion conductive solid electro- 
lyte layer; and a heater for heating the cells to a pre- 
determined active temperature. 

The method comprises applying a first pump- 
ing current to the first oxygen-pumping cell so that 40 
an output voltage from the oxygen-concentration- 
measuring cell achieves a predetermined value, 
thereby controlling the concentration of oxygen in 
the first measurement space at a constant level; at 
the same time, applying a constant voltage to the 45 
second oxygen-pumping cell in a direction such 
that oxygen is pumped out from the second meas- 
urement space; detecting a second pumping cur- 
rent which flows through the second oxygen- 
pumping cell according to the concentration of NOx so 
in the measurement gas; and if an increase of the 
second pumping current equal to a predetermined 
value is detected after start of operation control of 
the internal combustion engine at a lean air-fuel 
ratio, judging that the occlusion capability of the 55 
NOx occlusion catalyst has deteriorated. 

In the detection method described above, the 
NOx sensor is operated in a manner similar to that 



used for measuring NOx concentration. Also, the 
second pumping current is detected, which flows 
through the second oxygen-pumping cell according 
to the concentration of NOx contained in the meas- 
urement gas. 

During operation control at a lean air-fuel ratio, 
in which exhaust gas containing a large amount of 
NOx is emitted from an internal combustion engine, 
NOx contained in the exhaust gas is accumulated 
in the NOx occlusion catalyst in the form of nitrate. 
As the thus-accumulated nitrate increases, the 
occlusion capability of the NOx occlusion catalyst 
gradually decreases. As a result, leakage of NOx 
from the NOx occlusion catalyst (namely, the NOx 
concentration in the measurement gas) increases, 
resulting in an increase in the second pumping cur- 
rent. 

As described above, the second pumping cur- 
rent offset is affected by the oxygen concentration 
in the first measurement space, and the oxygen 
concentration in the first measurement space, in 
turn, is affected by the oxygen concentration in the 
measurement gas, or air-fuel ratio. Accordingly, the 
offset current depends on the air-fuel ratio. In the 
detection method of the present invention, the func- 
tion of the NOx occlusion catalyst is judged by 
determining whether the second pumping current 
has increased by a predetermined value after start 
of operation control at a lean air-fuel ratio, namely, 
by using a relative value of the second purrping 
current rather than an absolute value of the second 
pumping current. If so, then the occlusion capability 
of the NOx occlusion catalyst is judged to have 
deteriorated. 

According to the present invention, so long as 
during detection the air-fuel ratio of a measurement 
gas does not vary greatly due to, for example, an 
abrupt change in operating conditions of an internal 
combustion engine, the influence of the offset can 
be reliably removed, thereby allowing for an accu- 
rate judgment on the functional condition of the 
NOx occlusion catalyst. Based on the result of this 
judgment, a refreshing operation for removing 
nitrate, for example, can be performed only as 
needed, thereby improving the fuel consumption 
and efficiency of an internal combustion engine. 

In another aspect, the present invention 
provides: (2) A method for detecting a func- 
tional condition of an NOx occlusion catalyst, in 
which an NOx sensor similar to that described in (1 ) 
above is disposed in an exhaust pipe of an internal 
combustion engine at a location downstream of the 
NOx occlusion catalyst. 

The method comprising applying a first pump- 
ing current to the first oxygen-pumping cell so that 
the output voltage from the oxygen-concentration- 
measuring cell achieves a predetermined value, 
thereby controlling the concentration of oxygen in 
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the first measurement space at a constant level; at 
the same time, applying a constant voltage to the 
second oxygen-pumping cell in a direction such 
that oxygen is pumped out from the second meas- 
urement space; detecting a second pumping cur- 5 
rent which flows through the second oxygen- 
pumping cell according to the concentration of NOx 
contained in the measurement gas; and if a rate of 
increase of the second pumping current greater 
than an allowable value is detected after start of w 
operation control of the internal combustion engine 
at a lean air-fuel ratio, judging that an anomaly has 
occurred in the occlusion capability of the NOx 
occlusion catalyst. 

As described above, as NOx accumulates in is 
the NOx occlusion catalyst, leakage of NOx from 
the NOx occlusion catalyst increases. Accordingly, 
the second pumping current flowing through the 
second oxygen-pumping cell increases. When any 
anomaly occurs, for example, when sulfate accu- 20 
mulates in the NOx occlusion catalyst or when an 
NOx storage material exfoliates, the nitrate occlu- 
sion capability of the NOx occlusion catalyst deteri- 
orates, resulting in an increase in the rate of 
leakage of NOx from the NOx occlusion catalyst. As 25 
a result, the rate of increase of the second pumping 
current increases. Thus, by examining the rate of 
increase of the second pumping current, or the 
slope of the second pumping current, it is possible 
to detect anomalies suffered by the NOx occlusion 30 
catalyst. 

Based on the result of this judgment, a refresh- 
ing operation for removing sulfate, for example, can 
be performed only as needed. Because unneces- 
sary burdens are not imposed on the NOx occlu- 35 
sion catalyst, the durability of the apparatus can be 
improved. Also, for example, when an anomaly is 
not eliminated even though a refreshing operation 
for removing sulfate is executed, this indicates the 
occurrence of an anomaly that cannot be elimi- 40 
nated through refreshment, such as exfoliation of 
an NOx storage material. 

In yet another aspect, the present invention 
provides: 

(3) An apparatus for detecting a functional condition 45 
of an NOx occlusion catalyst, comprising an NOx 
sensor disposed in an exhaust pipe of an internal 
combustion engine at a location downstream of the 
NOx occlusion catalyst, the NOx sensor comprising 
a first measurement space having a first oxygen- so 
pumping cell and an oxygen-concentration-meas- 
uring cell and communicating with a measurement 
gas via a first diffusion-controlling layer, each of the 
first oxygen-pumping cell and the oxygen -concen- 
tration-measuring cell comprising an oxygen-ion ss 
conductive solid electrolyte layer and porous elec- 
trodes disposed on opposite surfaces of the oxy- 
gen-ion conductive solid electrolyte layer; a second 



measurement space having a second oxygen- 
pumping cell and communicating with the first 
measurement space via a second diffusion-control- 
ling layer, the second oxygen-pumping cell com- 
prising an oxygen-ion conductive solid electrolyte 
layer and porous electrodes disposed on opposite 
surfaces of the oxygen-ion conductive solid electro- 
lyte layer; and a heater for heating the cells to a pre- 
determined active temperature, 

said apparatus further comprising: 
first pumping-current control means for control- 
ling the concentration of oxygen in said first 
measurement space at a constant level by 
applying a first pumping current to the first oxy- 
gen-pumping cell such that an output voltage 
from the oxygen-concentration-measuring cell 
is maintained at a constant value; 
a constant-voltage application source for apply- 
ing a constant voltage to the second oxygen- 
pumping cell in a direction such that oxygen is 
pumped out from the second measurement 
space; 

second pumping-current detection means for 
detecting a second pumping current which 
flows through said second oxygen-pumping 
cell according to the concentration of NOx in 
the measurement gas; and 
functional deterioration judgment means for 
judging that the occlusion capability of the NOx 
occlusion catalyst has deteriorated when an 
increase of the second pumping current equal 
to a predetermined value is detected after start 
of operation control of the internal combustion 
engine at a lean air-fuel ratio. 

The detection apparatus of the present inven- 
tion is an apparatus for carrying out the detection 
method described in (1) above. Specifically, first, 
the first pumping-current control means causes the 
first pumping current to flow through the first oxy- 
gen-pumping cell such that the output voltage from 
the oxygen-concentration-measuring cell is main- 
tained at a constant value, thereby controlling the 
concentration of oxygen in the first measurement 
space to a constant level. The constant-voltage 
application means applies a constant voltage to the 
second oxygen-pumping cell in a direction such 
that oxygen is pumped out from the second meas- 
urement space. The second pumping-current 
detection means detects the second pumping cur- 
rent flowing through the second oxygen-pumping 
cell. When the functional deterioration judgment 
means detects an increase in the second pumping 
current equal to a predetermined value after start of 
operation control of the internal combustion engine 
at a lean air-fuel ratio where the ratio of oxygen to 
fuel is relatively large, the judgment means judges 
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that the occlusion capability of the NOx occlusion 
catalyst has deteriorated. 

Accordingly, the detection apparatus described 
in (3) above provides a means for carrying out the 
detection method described in (1). Furthermore, 5 
the detection apparatus (3) can simply and accu- 
rately detect a functional deterioration of the NOx 
occlusion catalyst based on a relative value of the 
second pumping current, thereby improving the fuel 
consumption and efficiency of an internal combus- 10 
tion engine. 

Normally, operation control at a lean air-fuel 
ratio is performed during stable operating condi- 
tions, such as during operation at a constant speed. 
However, when operating conditions vary due to, for is 
example, a driver's operation of an accelerator or 
variations in road conditions, the concentration of 
oxygen contained in a measurement gas (air-fuel 
ratio) varies temporarily. As a result, the offset cur- 
rent of the second oxygen-pumping cell which 20 
depends on the air-fuel ratio varies according to 
changes in the air-fuel ratio. Thus, even when a rel- 
ative value of the second pumping current is 
obtained, the influence of the offset current cannot 
be completely removed, thereby reducing the judg- 25 
ment accuracy of the functional deterioration judg- 
ment means. 

To cope with the above problem, according to 
yet another aspect of the present invention, the 
detection apparatus described in (3) above further so 
comprises: 

(4) An oxygen concentration detection means for 
detecting the concentration of oxygen in the meas- 
urement gas based on the first pumping current 
flowing through the first oxygen-pumping cell; and 35 

first correction means for correcting the second 
pumping current detected by the second pump- 
ing-current detection means due to variation in 
offset current of the second oxygen-pumping 40 
cell based on the oxygen concentration 
detected by the oxygen concentration detection 
means. 

In the thus-configured detection apparatus of 45 
the present invention, the oxygen concentration 
detection means detects the concentration of oxy- 
gen contained in a measurement gas based on the 
first pumping current flowing through the first oxy- 
gen-pumping cell. The first correction means com- so 
pensates for an offset variation included in the 
detection result by correcting the detection result 
according to the detected oxygen concentration. 

Notably, pumping-current control means for 
controlling the concentration of oxygen contained in 55 
the first measurement space by controlling the cur- 
rent flowing through the first pumping cell is similar 
to that performed in measuring the concentration of 



oxygen contained in a measurement gas using a 
known full-region air-fuel ratio sensor, in which a 
measurement space with measurement gas diffu- 
sion limitations has a pumping cell and an oxygen- 
concentration-measuring cell. Because the pump- 
ing current flowing through the first pumping cell is 
proportional to the concentration of oxygen con- 
tained in the measurement gas, the oxygen con- 
centration can be measured based on the pumping 
current. 

Thus, according to the above embodiment of 
the present invention, even when the concentration 
of oxygen contained in the measurement gas varies 
with operating conditions, such that the offset cur- 
rent of the second oxygen-pumping cell varies with 
the change in oxygen concentration, the offset vari- 
ation is compensated to thereby enable highly 
accurate detection of a functional deterioration of 
the NOx occlusion catalyst. 

Also, in the present invention, the NOx sensor 
itself, not another sensor, is used for detecting the 
oxygen concentration. Accordingly, environmental 
variations influencing the second pumping current 
can be accurately detected, so that the second 
pumping current can be accurately compensated 
therefor. 

As described above, the offset current of the 
second oxygen-pumping cell depends on the con- 
centration of oxygen contained in the measurement 
gas (air-fuel ratio). Furthermore, the offset current 
is temperature dependent. That is. the offset cur- 
rent has a temperature characteristic. As shown in 
Fig. 13, when the element temperature of the NOx 
sensor deviates from a target control temperature, 
the oxygen concentration dependency of the offset 
increases. Fig. 13 is a graph showing the tempera- 
ture characteristic of the offset current as the oxy- 
gen concentration is varied. In Fig. 13, the line with 
the Mack diamonds shows offset current for 0 2 = 
0%, the line with the squares shows offset current 
for 0 2 = 10%, and the line with the triangles shows 
offset current for 0 2 = 1 5%. 

To cope with the above temperature character- 
istic, according to yet another aspect of the present 
invention, the detection apparatus described in (3) 
above further comprises: 

(5) temperature detection means for detecting the 
temperature of the NOx sensor; and 

second correction means for correcting the 
second pumping current detected by the sec- 
ond pumping-current detection means based 
on the temperature of the NOx sensor detected 
by the temperature detection means. 

In the above embodiment of the present inven- 
tion, the temperature detection means detects the 
temperature of the NOx sensor, and the second 
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correction means corrects the second pumping- 
current detected by the second pumping-current 
detection means according to the temperature of 
the NOx sensor detected by the temperature detec- 
tion means, to thereby compensate for changes in 5 
temperature. 

Thus, according to the above embodiment of 
the present invention, even when the temperature 
of the NOx sensor varies temporarily with operating 
conditions, such that the offset current of the sec- 10 
ond oxygen-pumping cell varies with the change in 
temperature, the offset variation is compensated to 
thereby enable even more highly accurate detection 
of a functional deterioration of the NOx occlusion 
catalyst. is 

Notably, the detection system may be config- 
ured such that judgment by the functional deteriora- 
tion judgment means is stopped when the oxygen 
concentration or the temperature of the NOx sensor 
varies greatly beyond a range allowing for accurate 20 
correction. This prevents the occurrence of an erro- 
neous judgment. 

When operation control of an internal combus- 
tion engine at a lean air-fuel ratio begins, the con- 
centration of oxygen contained in the measurement 25 
gas increases. As described above, the first pump- 
ing current is proportional to the concentration of 
oxygen contained in the measurement gas. Thus, in 
accordance with yet another aspect of the present 
invention, the functional deterioration judgment 30 
means comprises: 

(6) means for detecting the start of operation con- 
trol of the internal combustion engine at a lean air- 
fuel ratio by detecting a variation in said first pump- 
ing current. 35 

In this case, because variation in the concen- 
tration of oxygen contained in the measurement 
gas is detected using the NOx sensor itself, the 
functional deterioration judgment means can be 
operated in quick response to an environmental 40 
variation influencing the second pumping current. 

In yet another aspect, the present invention 
provides: 

(7) An apparatus for detecting a functional condition 

of an NOx occlusion catalyst, in which an NOx sen- 45 
sor similar to that described in (3) above is dis- 
posed in an exhaust pipe of an internal combustion 
engine at a location downstream of the NOx occlu- 
sion catalyst, 

50 

said apparatus comprising: 
first pumping-current control means for control- 
ling the concentration of oxygen in the first 
measurement space to a constant level by 
applying a first pumping current to the first oxy- 55 
gen-pumping cell such that an output voltage 
from the oxygen-concentration-measuring cell 
is maintained at a constant value; 



constant-voltage application means for apply- 
ing a constant voltage to the second oxygen- 
pumping cell in a direction such that oxygen is 
pumped out from the second measurement 
space, 

second pumping-current detection means for 
detecting a second pumping current which 
flows through the second oxygen-pumping cell 
according to the concentration of NOx in the 
measurement gas; and 

functional anomaly judgment means for judg- 
ing that an anomaly has occurred in the occlu- 
sion capability of the NOx occlusion catalyst 
when a rate of increase of the second pumping 
current greater than an allowable value is 
detected after start of operation control of the 
interna] combustion engine at a lean air-fuel 
ratio. 

The detection apparatus described in (7) is an 
apparatus for carrying out the detection method 
described in (2) above. Specifically, the first pump- 
ing-current control means causes the first pumping 
current to flow through the first oxygen-pumping 
cell such that the output voltage from the oxygen- 
concentration-measuring cell is maintained at a 
constant value, thereby controlling the concentra- 
tion of oxygen contained in the first measurement 
space to a constant value. The constant-voltage 
application means applies a constant voltage to the 
second oxygen-pumping cell in a direction such 
that oxygen is pumped out from the second meas- 
urement space. The second pumping-current 
detection means detects the second pumping cur- 
rent flowing through the second oxygen-pumping 
cell. When the functional anomaly judgment means 
detects that the second pumping current is increas- 
ing at a rate exceeding an allowable value after 
start of operation control of the internal combustion 
engine at a lean air-fuel ratio where the ratio of oxy- 
gen to fuel is relatively large, the judgment means 
determines that an anomaly has occurred in the 
occlusion capability of the NOx occlusion catalyst. 

Accordingly, the above embodiment of the 
present invention provides an apparatus for carry- 
ing out the detection method described in (2) 
above, and can simply and accurately detect an 
anomaly in the NOx occlusion catalyst, such as 
accumulation of sulfate and exfoliation of an NOx 
storage material, based on a change in the second 
pumping current per unit time, thereby improving 
the fuel consumption and efficiency of an internal 
combustion engine and the durability of the appara- 
tus. 

The allowable value may be set based on NOx 
leakage from the NOx occlusion catalyst, which is 
estimated based on the NOx occlusion capability of 
the NOx occlusion catalyst and the concentration of 
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NOx in exhaust gas emitted from the internal com- 
bustion engine. 

As the concentration of NOx contained in 
exhaust gas flowing through to the NOx occlusion 
catalyst increases, or even at the same NOx con- 5 
centration, as the flow rate of exhaust gas flowing 
into the NOx occlusion catalyst increases, the 
amount of NOx stored in the NOx occlusion catalyst 
is increased. Variation of the second pumping cur- 
rent with respect to time (i.e., slope), which is deter- w 
mined by the second pumping current detection 
means, also varies according to the condition of the 
exhaust gas flowing into the NOx occlusion cata- 
lyst 

To cope with the above tendency, in accord- is 
ance with yet another aspect of the present inven- 
tion, the detection apparatus described in (7) above 
further comprises: 

(8) inflow gas conditions detection means for 
detecting the flow rate of exhaust gas flowing into 20 
the NOx occlusion catalyst and the concentration of 
NOx in the exhaust gas; and 

allowable value setting means for setting the 
allowable value based on the inflow gas condi- 25 
tions detected by the inflow gas conditions 
detection means such that the allowable value 
is set higher as the flow rate of the exhaust gas 
increases or as the concentration of NOx in the 
exhaust gas increases. 30 

By setting an optimum allowable value accord- 
ing to the flow rate of exhaust gas flowing into the 
NOx occlusion catalyst and the NOx concentration 
of the exhaust gas, an anomaly in the NOx occlu- 35 
sion catalyst can be detected with far better accu- 
racy. 

The concentration of NOx contained in the 
inflow exhaust gas and the flow rate of the inflow 
exhaust gas are closely related to the operating 40 
conditions of an internal combustion engine, such 
as engine speed and a negative pressure within a 
suction pipe. Thus, in yet another aspect of the 
present invention, the inflow gas conditions detec- 
tion means comprises: 45 

(9) means for estimating the flow rate of the exhaust 
gas and the concentration of NOx contained in the 
exhaust gas based on operating conditions of the 
internal combustion engine. 

In this case, various parameters used to control 50 
the internal combustion engines can be utilized with 
no need for employing additional means for meas- 
uring the conditions of the exhaust gas flowing into 
the NOx occlusion catalyst. Thus, the accuracy of 
the detection apparatus can be improved in a sim- 55 
pie manner. 

Next, in accordance with yet another aspect of 
the present invention, in the detection apparatus 



described in any of (7) to (9) above, the functional 
anomaly judgment means comprises: 

(10) current-increasing-time measuring means for 
measuring a time required for the second pumping 
current to increase by a predetermined value after 
start of operation control of the internal combustion 
engine at a lean air-fuel ratio, wherein a smaller 
value measured by the current-increasing-time 
measuring means indicates that the second pump- 
ing current is increasing at a higher rate (i.e., a 
larger increase in the second pumping current per 
unit time). 

Also, in yet another aspect of the present inven- 
tion, the functional anomaly judgment means com- 
prises: 

(11) current-increase measuring means for meas- 
uring an increase of the second pumping current 
during a predetermined period of time after start of 
operation control of the internal combustion engine 
at a lean air-fuel ratio, wherein a larger value meas- 
ured by the current-increase measuring means 
indicates that the second pumping current is 
increasing at a higher rate (i.e., a larger increase in 
the second pumping current per unit time). 

That is, the rate of increase or slope of the sec- 
ond pumping current may be obtained based on the 
time required to increase the second pumping cur- 
rent by a predetermined value, or based on an 
increase in the second pumping current as meas- 
ured over a predetermined period of time. 

Next, in accordance with yet another aspect of 
the present invention, the detection apparatus 
described in an any of (7) to (11) above further 
comprises: 

(12) oxygen concentration detection means for 
detecting the concentration of oxygen in the meas- 
urement gas based on the first pumping current 
flowing through the first oxygen-pumping cell; and 

first correction means for correcting the second 
pumping current detected by the second pump- 
ing-current detection means due to variation in 
offset current of the second oxygen-pumping 
cell based on the oxygen concentration 
detected by the oxygen concentration detection 
means. 

In accordance with yet another aspect of the 
present invention, the detection apparatus 
described in (7) to (1 1) above further comprises: 

(13) temperature detection means for detecting the 
temperature of the NOx sensor; and 

second correction means for correcting the 
second pumping current detected by the sec- 
ond pumping-current detection means due to 
variation in temperature based on the tempera- 
ture of the NOx sensor detected by the temper- 
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ature detection means. 

In yet another aspect, in the detection appara- 
tus described in any of (7) to (11), the functional 
anomaly judgment means comprises: s 

(14) means for detecting the start of operation con- 
trol of the internal combustion engine at a lean air- 
fuel ratio by detecting a variation in the first pump- 
ing current. 

The detection apparatus described in (12), (13) 1 o 
and (14) are similar to those described in (4), (5) 
and (6) for carrying out the detection method 
described in (1) above, and yield effects similar to 
those provided by the detection apparatus 
described in (4), (5) and (6), as described above. is 

Accordingly, the detection apparatus described 
in (12) above can accurately compensate the sec- 
ond pumping current for variation in the oxygen 
concentration of a measurement gas, and thus can 
determine a functional anomaly in the NOx occlu- 20 
sion catalyst with high accuracy. 

The detection apparatus described in (13) 
above can compensate the second pumping cur- 
rent for variation in the temperature of the NOx sen- 
sor, and thus can determine a functional anomaly in 25 
the NOx occlusion catalyst with higher accuracy. 

The detection apparatus described in (14) 
above allows the functional anomaly judgment 
means to operate in quick response to environmen- 
tal variations influencing the second pumping cur- 30 
rent. 

In yet another aspect, the present invention 
provides: 

(15) An apparatus for detecting a functional condi- 
tion of an NOx occlusion catalyst, comprising an 35 
NOx sensor disposed in an exhaust pipe of an inter- 
nal combustion engine at a location downstream of 
the NOx occlusion catalyst, the NOx sensor includ- 
ing a first measurement space having a first oxy- 
gen-pumping cell and an oxygen-concentration- 40 
measuring cell and communicating with a measure- 
ment gas via a first diffusion-controlling layer, each 

of the first oxygen-pumping cell and the oxygen- 
concentration-measuring cell comprising an oxy- 
gen-ion conductive solid electrolyte layer and 45 
porous electrodes disposed on opposite surfaces of 
the oxygen-ion conductive solid electrolyte layer; a 
second measurement space having a second oxy- 
gen-pumping cell and communicating with the first 
measurement space via a second diffusion-control- so 
ling layer, the second oxygen-pumping cell com- 
prising an oxygen-ion conductive solid electrolyte 
layer and porous electrodes disposed on opposite 
surfaces of the oxygen-ion conductive solid electro- 
lyte layer; and a heater for heating the cells to a pre- ss 
determined active temperature, said apparatus 
comprising: 



first pumping-current control means for control- 
ling the concentration of oxygen in the first 
measurement space at a constant level by 
applying a first pumping current to the first oxy- 
gen-pumping cell such that an output voltage 
from the oxygen-concentration-measuring cell 
is maintained at a constant value; 
constant-voltage application means for apply- 
ing a constant voltage to the second oxygen- 
pumping cell in a direction such that oxygen is 
pumped out from the second measurement 
space; 

second pumping-current detection means for 
detecting a second pumping current which 
flows through the second oxygen-pumping cell 
according to the concentration of NOx con- 
tained in the measurement gas; 
minimum value detection means for detecting a 
minimum value of the second pumping current 
during a predetermined waiting time after start 
of operation control of the internal combustion 
engine at a lean air-fuel ratio; and 
functional condition judgment means for judg- 
ing a functional condition of the NOx occlusion 
catalyst based on a relative value calculated as 
the difference between a value of the second 
pumping current detected by the second pump- 
ing-current detection means after elapse of the 
waiting time and the minimum value of the sec- 
ond pumping current detected by the minimum 
value detection means. 

In the thus-configured detection apparatus of 
the present invention, the first pumping-current 
control means causes the first pumping current to 
flow through the first oxygen-pumping cell such that 
the output voltage from the oxygen-concentration- 
measuring cell is maintained at a constant value, 
thereby controlling the concentration of oxygen 
contained in the first measurement space to a con- 
stant level. The constant-voltage application means 
applies a constant voltage to the second oxygen- 
pumping cell in a direction such that oxygen is 
pumped out from the second measurement space. 
That is. the NOx sensor is operated in a normal 
manner so as to measure the NOx concentration. 
At this time, the second pumping-current detection 
means detects the second pumping current which 
flows through the second oxygen-pumping cell 
according to the concentration of NOx in the meas- 
urement gas. 

Notably, during operation control at a lean air- 
fuel ratio, in which exhaust gas containing a large 
amount of NOx is emitted from an internal combus- 
tion engine, NOx contained in the exhaust gas is 
accumulated on the NOx occlusion catalyst in the 
form of nitrate. As the thus-accumulated nitrate 
increases, the occlusion capability of the NOx 
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occlusion catalyst gradually decreases. As a result, 
leakage of NOx from the NOx occlusion catalyst 
(i.e., the NOx concentration in the measurement 
gas) increases, resulting in an increase in the sec- 
ond pumping current. Since the second pumping 5 
current varies according to a functional condition of 
the NOx occlusion catalyst, the functional condition 
can be judged from the second pumping current. 

Particularly, in the above embodiment of the 
present invention, the minimum value detection w 
means detects a minimum value of the second 
pumping current during a predetermined waiting 
time after start of operation control of the internal 
combustion engine at a lean air-fuel ratio. Also, the 
functional condition judgment means judges a f unc- 15 
tional condition of the NOx occlusion catalyst based 
on a relative value between the detected minimum 
value of the second pumping current and a value of 
the second pumping current detected by the sec- 
ond pumping-current detection means after elapse 20 
of the waiting time. Preferably, the waiting time is 
set to a sufficient length so as to allow sufficient set- 
tlement of variation in the second pumping current 
associated with a large variation of the concentra- 
tion of oxygen in the exhaust gas observed immedi- 25 
ately after operation control at a theoretical air-fuel 
ratio is switched to operation control at a lean air- 
fuel ratio. 

As described above, according to the detection 
apparatus of the above embodiment of the present 30 
invention, instead of an absolute value of the sec- 
ond pumping current, a relative value of the second 
pumping current detected immediately after start of 
operation control at a lean air-fuel ratio is used for 
judging a functional condition of the NOx occlusion 35 
catalyst; thus, the judgment can be performed more 
accurately. 

Furthermore, a minimum value of the second 
pumping current detected immediately after start of 
operation control at a lean air-fuel ratio is used as a 40 
reference value in calculating the above relative 
value. Thus, even when, due to excessive deterio- 
ration of the occlusion capability of the NOx occlu- 
sion catalyst, the second pumping current has 
already increased greatly at the time of elapse of 45 
the waiting time, a functional condition of the NOx 
occlusion catalyst can be reliably judged. 

Thus, by using the detection apparatus of the 
above embodiment of the present invention, the 
reliability of an exhaust gas purification system so 
using an NOx occlusion catalyst can be improved. 

In accordance with another aspect, the detec- 
tion apparatus described in (15) above is character- 
ized in that: 

(16) the minimum value detection means com- 55 
prises means for detecting the start of operation 
control of the internal combustion engine at a lean 
air-fuel ratio based on variation in the first pumping 



current. 

The first pumping-current control means, which 
controls the concentration of oxygen in the first 
measurement space to a constant level by applying 
the first pumping current to the first oxygen-pump- 
ing cell such that the output voltage from the oxy- 
gen-concerttration-measuring cell is maintained at 
a constant value, controls in a manner identical to 
that of a known oxygen sensor not having a second 
oxygen-pumping cell. Accordingly, the first pumping 
current becomes proportional to the concentration 
of oxygen in the measurement gas. Because - the 
concentration of oxygen in the measurement gas 
increases during operation control at a lean air-fuel 
ratio as compared with the case of operation control 
at a theoretical air-fuel ratio, start of operation con- 
trol at a lean air-fuel ratio can be detected based on 
the first pumping current. 

As described above, in the detection apparatus 
of the present invention, the NOx sensor itself, not 
another sensor, is used for detecting the oxygen 
concentration. Accordingly, environmental varia- 
tions affecting the second pumping current can be 
accurately detected, so that the second pumping 
current (an offset of the second pumping current) 
can be managed with accuracy and speed. 

In the detection apparatus described in (15) or 

(16) , the functional condition judgment means may 
comprise: 

(17) means for judging that the occlusion capability 
of said NOx occlusion catalyst had deteriorated 
when the relative value of the second pumping cur- 
rent exceeds a predetermined value. 

Alternatively, the functional condition judgment 
means may comprise: 

(18) means for judging that an anomaly has 
occurred in the occlusion capability of said NOx 
occlusion catalyst when a time-course variation 
rate of the relative value of the second pumping cur- 
rent becomes greater than a predetermined allowa- 
ble value. 

The above mentioned and other features and aspects of 
the present invention are illustrated by the following 
drawings, in which 

Fig. 1 is a schematic diagram showing the entire 
configuration of an apparatus for detecting a func- 
tional condition of an NOx occlusion catalyst 
according to an embodiment of the present inven- 
tion. 

Fig. 2 is a diagram showing an installation location 
for the NOx sensor of the embodiment of Fig. 1 . 
Fig. 3 is an exploded perspective view of the NOx 
sensor of the embodiment of Fig 1 . 
Figs. 4(a)-(c) are waveform charts of the second 
pumping current output obtained from the NOx sen- 
sor of the embodiment of Fig. 1 . 
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Fig. 5 is a flowchart showing a functional condition 
detection process which is repeatedly carried out in 
an ECU of the embodiment of Fig. 1 . 
Fig. 6 is a graph showing an example of a map used 
for correcting the second pumping current for 
changes in temperature. 

Fig. 7 is a flowchart showing a functional condition 
detection process in a second embodiment of the 
present invention. 

Figs. 8(a) and (b) are waveform charts of the sec- 
ond pumping current detected when the NOx occlu- 
sion capability of the NOx occlusion catalyst is 
excessively deteriorated. 

Fig. 9 is a flowchart showing a functional condition 
detection process in a third embodiment of the 
present invention. 

Figs. 10(a)-(c) are graphs explaining a functional 
anomaly detection method in accordance with a 
third embodiment of the present invention. 
Figs. 11(a) and (b) are graphs schematically show- 
ing the relationship between oxygen concentration 
and the first pumping current, as well as the rela- 
tionship between NOx concentration and the sec- 
ond pumping current. 

Fig. 1 2 is a graph showing the relationship between 
the second pumping current and the concentration 
of oxygen (air-fuel ratio) contained in a measure- 
ment gas which does not contain NOx. 
Fig. 1 3 is a graph showing a measured temperature 
characteristic of the second oxygen-pumping cell 
offset current. 

Figs. 14(a)-(c) are waveform charts of the second 
pumping current output from the NOx sensor in 
accordance with the embodiment of Fig. 15. 
Fig. 15 is a flowchart showing a functional condition 
detection process which is repeatedly carried out in 
an ECU in accordance with a fourth embodiment of 
the present invention. 

Figs. 16(a)-(c) are waveform charts for explaining 
problems involved in detecting a functional condi- 
tion of an NOx occlusion catalyst in accordance 
with the embodiment of Fig. 15. 

Description of Symbols 



[0026] 



2: 


NOx sensor 


4: 


first oxygen-pumping cell 


6: 


oxygen-concentration-measuring cell 


8: 


second oxygen-pumping cell 


12: 


heater 


18, 22, 24: 


solid electrolyte layers 


20: 


first measurement space 


26: 


second measurement space 


28: 


spacer 


40: 


drive circuit 


42: 


sensing circuit 



44: heater-energizing circuit 

46: temperature sensor 

47: pressure sensor 

48: rotational speed sensor 

5 50: ECU - electronic control unit 

52: engine control unit 

S1 : internal combustion engine 

S2: exhaust pipe 

S3: NOx occlusion catalyst 

10 S4: suction pipe 



[0027] The present invention will next be described in 
greater detail with reference to drawings, however, the 
present invention should not be construed as being lim- 
15 ited thereto. 

First Embodiment 

[0028] Fig. 1 is a schematic diagram showing the 
entire configuration of an apparatus for detecting a func- 
tional condition of an NOx occlusion catalyst according 
to a first embodiment of the present invention. Fig. 2 is 
a diagram showing an installation location for an NOx 
sensor 2 used in the detection apparatus. Fig. 3 is an 
exploded perspective view of the NOx sensor 2. 
[0029] As shown in Figs. 1 and 2, the detection appa- 
ratus of the present embodiment includes an NOx sen- 
sor 2 mounted in an exhaust pipe S2 attached to an 
internal combustion engine S1 of a vehicle at a location 
downstream of an NOx occlusion catalyst S3; a drive 
circuit 40 for applying current to a first oxygen-pumping 
cell (hereinafter referred to as a first pumping cell) 4 and 
an oxygen-concentration-measuring cell (hereinafter 
referred to as a Vs cell) 6 of the NOx sensor 2 and for 
detecting current (hereinafter referred to as first pump- 
ing current) IP1 which flows to the first pumping cell 4; a 
sensing circuit 42 for applying a constant voltage to the 
second pumping cell 8 and for detecting current (herein- 
after referred to as second pumping current) IP2 which 
flows to a second oxygen-pumping cell (hereinafter 
referred to as a second pumping cell) 8 of the NOx sen- 
sor 2; a heater-energizing circuit 44 for heating the cells 
4, 6 and 8 by applying current to a pair of heaters 12 and 
14 of the NOx sensor 2; a temperature sensor 46 for 
detecting temperature TH in the vicinity of the NOx sen- 
sor 2; a pressure sensor 47 -for measuring a negative 
pressure Pb in a suction pipe S4 attached to the internal 
combustion engine S1 ; a rotational speed sensor 48 for 
detecting a rotational speed Ne (hereinafter referred to 
as engine speed) of an output shaft of the internal com- 
bustion engine S1 ; and an electronic control unit (here- 
inafter referred to as ECU) 50, which includes a 
microcomputer, for controlling the drive circuit 40 and 
the heater-energizing circuit 44 and for detecting a func- 
tional condition of the NOx occlusion catalyst S3 based 
on detection signals VIP1 and VIP2 issued from the 
drive circuit 40 and the sensing circuit 42, respectively, 
and detection signals TH, Pb and Ne issued from the 
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sensors 46, 47 and 46, respectively. 
[0030] The detection apparatus of the present embod- 
iment receives operation control information indicative 
of execution of operation control at a lean air-fuel ratio 
from an engine control unit 52. The engine control unit 
52 controls the operating conditions of the internal com- 
bustion engine S1 such that a lean air-fuel ratio is 
effected while operating conditions are stable, as in the 
case of travel at a constant speed, and a theoretical air- 
fuel ratio is effected in other cases. 
[0031] Herein, exhaust gas flowing through the 
exhaust pipe S2 is referred to as follows: gas emitted 
from the internal combustion engine S1 and flowing into 
the NOx occlusion catalyst S3 is referred to as exhaust 
gas, whereas gas flowing out from the NOx occlusion 
catalyst S3 is referred to as a measurement gas. 
[0032] Next, as shown in Fig. 3, in the NOx sensor 2, 
the first pumping cell 4 includes a sheet-like solid elec- 
trolyte layer 4a and rectangular porous electrodes 4b 
and 4c formed on both sides of the solid electrolyte layer 
4a. Lead portions 4b1 and 4c1 extend from the porous 
electrodes 4b and 4c, respectively. Furthermore, a 
round hole is formed in the solid electrolyte layer 4a so 
as to penetrate the porous electrodes 4b and 4c at their 
central portions. The thus-formed round hole is filled 
with a porous filler to thereby form a diffusion-controlling 
layer 4d. 

[0033] The Vs cell 6 includes a sheet-like solid elec- 
trolyte layer 6a having the same shape as the solid elec- 
trolyte layer 4a of the first pumping cell 4 and circular 
porous electrodes 6b and 6c formed on both sides of 
the solid electrolyte layer 6a. Lead portions 6b 1 and 6c 1 
extend from the porous electrodes 6b and 6c, respec- 
tively. Furthermore, a round hole is formed in the solid 
electrolyte layer 6a so as to penetrate the porous elec- 
trodes 6b and 6c at their central portions. The thus- 
formed round hole is filled with a porous filler to thereby 
form a diffusion-controlling layer 6d. 
[0034] The porous electrodes 4b and 4c of the first 
pumping cell 4 and the porous electrodes 6b and 6c of 
the Vs cell 6 are located on the solid electrolyte layers 
4a and 6a, respectively, such that their centers are 
aligned with each other. Accordingly, when the first 
pumping cell 4 and the Vs cell 6 are arranged in layers, 
the diffusion-controlling layers 4d and 6d face each 
other. The circular porous electrodes 6b and 6c of the 
Vs cell 6 are arranged around the diffusion -controlling 
layer 6d and have a size that is smaller than that of the 
rectangular porous electrodes 4b and 4c of the first 
pumping cell 4. An insulation film formed of alumina or 
the like is formed on both surfaces of the Vs cell 6 so as 
to cover the lead portions 6b1 and 6c1 from the outside 
in order to prevent current leakage from the lead por- 
tions 6b1 and 6c1 . Furthermore, a leakage resistance 
portion 6f is formed between the lead portions 6b 1 and 
6c 1 in order to leak part of pumped-out oxygen from the 
side of the porous electrode 6c to the side of the porous 
electrode 6b. 



[0035] The first pumping cell 4 and the Vs cell 6 are 
arranged in layers with a solid electrolyte layer 18 inter- 
posed therebetween. The solid electrolyte layer 18 has 
the same shape as that of the solid electrolyte layers 4a 

5 and 6a. The solid electrolyte layer 18 has a rectangular 
hole formed therein in a position corresponding to the 
porous electrodes 4c and 6b and having a size greater 
than that of the porous electrode 4c. The thus-formed 
rectangular hole serves as a first measurement space 

10 20. 

[0036] Also, a solid electrolyte layer 22, which has the 
same shape as that of the solid electrolyte layers 4a and 
6a, is placed on the Vs cell 6 on the side of the porous 
electrode 6c. The solid electrolyte layer 22 has a round 

is hole formed therein in a position corresponding to the 
diffusion-controlling layer 6d of the Vs cell 6 and having 
the same size as that of the diffusion-controlling layer 
6d. The thus-formed round hole is filled with a porous 
filler to thereby form a diffusion-controlling layer 22d. 

20 [0037] As in the first pumping cell 4, the second pump- 
ing cell 8 includes a sheet-like solid electrolyte layer 8a 
and rectangular porous electrodes 8b and 8c formed on 
both sides of the solid electrolyte layer 8a. Lead por- 
tions 8b 1 and 8c1 extend from the porous electrodes 8b 

25 and 8c, respectively. The second pumping cell 8 and the 
solid electrolyte layer 22 are arranged in layers with a 
solid electrolyte layer 24 interposed therebetween. The 
solid electrolyte layer 24 is formed in the same manner 
as the solid electrolyte layer 18. As a result, a rectangu- 

30 lar hole formed in the solid electrolyte layer 24 serves as 
a second measurement space 26. 
[0038] The above components of the NOx sensor 2 
excluding the heaters 1 2 and 1 4 are united in layers and 
subsequently sintered at a predetermined temperature, 

35 yielding the NOx sensor 2. 

[0039] The heaters 12 and 14 are placed on opposite 
sides of the above-described laminate of the first pump- 
ing cell 4, the Vs cell 6 and the second pumping cell 8, 
namely, outside the first pumping cell 4 and the second 

40 pumping cell 8, respectively, such that a predetermined 
gap is formed between each of the heaters 12 and 14 
and the laminate using spacers 28 and 29. 
[0040] The heater 12 (14) includes a heater substrate 
1 2a (1 4a) having a shape same as that of the solid eJec- 

45 trolyte layers 4a, 6a and 8a, a heater wiring 12b (14b) 
formed on the heater substrate 12a (14a) on the side 
facing the cell 4 (8), and a lead portion 12b1 (14b1) 
extending from the heater wiring 12b (14b). The spacer 
28 (29) is interposed between the heater 12 (14) and 

so the first pumping cell 4 (second pumping cell 8) at a 
position corresponding to the lead portion 12b1 so that 
the heater wiring 12b (14b) faces the porous electrode 
4b (8c) of the first pumping cell 4 (second pumping cell 
8) with a gap formed therebetween. 

55 [0041] The heater substrate 12a (14a) is formed of 
alumina. The heater wiring is formed by the steps of: 
blending platinum powder and alumina to obtain a mix- 
ture paste: screen-printing a pattern of the paste on an 
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alumina sheet; and firing the sheet. Notably, the heater 
substrates 12a and 14a and the spacers 28 and 29 are 
each formed of fired alumina sheets. The heaters 12 
and 14 and the first and second pumping cells 4 and 6 
are bonded together using a ceramic bonding agent 
such that the cells 4 and 8 are sandwiched between the 
heaters 12 and 14, thereby forming the complete NOx 
sensor 2. 

[0042] Typical examples of a solid electrolyte forming 
the solid electrolyte layers 4a, 6a and 8a include a solid 
solution of zirconia and yttria and a solid solution of zir- 
conia and calcia. Other examples of such a solid elec- 
trolyte include a solid solution of hafnia, a solid solution 
of a perovskite oxide, and a solid solution of a trivalent 
metal oxide. The porous electrodes provided on the sur- 
faces of the solid electrolyte layers 4a, 6a and 8a are 
preferably formed of platinum or rhodium having a cata- 
lytic function or their alloys. Known methods of forming 
such a porous electrode include a thick-film forming 
method and a thermal spraying method. The thick-film 
forming method includes the steps of: mixing platinum 
powder and powder of the same material as that of the 
solid electrolyte layers to obtain a paste; screen-printing 
the paste onto a solid electrolyte layer; and sintering the 
solid electrolyte layer. The diffusion-controlling layers 
4d, 6d and 22d are preferably formed of ceramics hav- 
ing fine through-holes or porous ceramics. 
[0043] The heater wirings 1 2b and 1 4b of the heaters 
1 2 and 1 4, respectively, are preferably formed of a com- 
posite material of ceramics and platinum or a platinum 
alloy. The lead portions 12b1 and 14b1 are preferably 
formed of platinum or a platinum alloy in order to reduce 
electric loss therein by reducing their resistance. The 
heater substrates 12a and 14a and the spacers 28 and 
29 may be formed of alumina, spinel, forsterite, steatite, 
zirconia, or a like material. 

[0044] As shown in Fig. 1 , the porous electrode 4c of 
the first pumping cell 4 and the porous electrode 6b of 
the Vs cell 6, both of which are located on the side of the 
first measurement space 20, are grounded via a resistor 
R1. The other porous electrodes 4b and 6c are con- 
nected to the drive circuit 40. 

[0045] The drive circuit 40 includes a resistor R2 and 
a differential amplifier AMP. A constant voltage VCP is 
applied to one end of the resistor R2, and the other end 
of the resistor R2 is connected to the porous electrode 
6c of the Vs cell 6. The negative input terminal of the dif- 
ferential amplifier AMP is connected to the porous elec- 
trode 6c of the Vs cell 6 via a switch SW1. A reference 
voltage VC0 is applied to the positive input terminal of 
the differential amplifier AMP. The output terminal of the 
differential amplifier AMP is connected to the porous 
electrode 4b of the first pumping cell 4 via a resister R0. 
[0046] The drive circuit 40 operates in the following 
manner. First, a constant small current iCP is supplied 
to the Vs cell 6 via the resistor R2 to thereby pump out 
oxygen from the first measur ment space 20 into the 
porous electrode 6c of the Vs cell 6. Because the 



porous electrode 6c is blocked by the solid electrolyte 
layer 22 and communicates with the porous electrode 
6b via the leakage resistance portion 6f, the concentra- 
tion of oxygen in the blocked space of the porous elec- 

5 trode 6c is maintained at a constant level by applying a 
small current iCP to the Vs cell 6. Thus, the blocked 
space serves as an internal reference oxygen source. 
[0047] When the porous electrode 6c of the Vs ceil 
serves as an internal reference oxygen source, an elec- 

10 tromotive force is generated in the Vs cell 6 in accord- 
ance with the difference in oxygen concentration 
between the first measurement space 20 and the inter- 
nal reference oxygen source. As a result, a voltage Vs 
developed on the side of the porous electrode 6c corre- 

15 sponds to the concentration of oxygen in the first meas- 
urement space 20. Because the voltage Vs is input to 
the differential amplifier AMP, the differential amplifier 
AMP outputs a voltage in accordance with the deviation 
of the input voltage from the reference voltage VC0 

20 (VC0 - input voltage). The output voltage is applied to 
the porous electrode 4b of the first pumping cell 4 via 
the resistor R0. 

[0048] As a result, a first pumping current IP1 flows to 
the first pumping cell 4. By controlling the first pumping 
25 current IP1 , a constant electromotive force is generated 
by the Vs cell 6 (in other words, the concentration of 
oxygen in the first measurement space 20 becomes 
constant). 

[0049] That is, the drive circuit 40 serves as the pump- 
30 ing-current control means, and controls the concentra- 
tion of oxygen contained in the first measurement space 
20 so as to maintain constant the concentration of oxy- 
gen in the measurement gas which has entered into the 
first measurement space 20 via the diffusion-controlling 
35 layer 4d. 

[0050] The thus-controlled concentration of oxygen in 
the first measurement space 20 is set such that only a 
small amount of oxygen (e.g., 1000 ppm) is present, 
thereby preventing the decomposition of NOx compo- 

40 nents contained in the measurement gas contained in 
the first measurement space 20 due to applying the first 
pumping current IP1 to the first pumping cell 4. -The ref- 
erence voltage VC0 for determining this concentration 
of oxygen is set at 100 mV to 200 mV. The resistor R0 

45 disposed between the output terminal of the differential 
amplifier AMP and the porous electrode 4b is adapted 
to detect the first pumping current IP1. A voltage VIP1 
developed across the resistor R0 is input to the ECU 50 
as a detection signal corresponding to the first pumping 

so current IP1. 

[0051 ] A constant voltage VP2 is applied between the 
porous electrodes 8b and 8c of the second pumping cell 
8 of the NOx sensor 2 via a resistor R3, which is a com- 
ponent of the sensing circuit 42 and serves as the con- 

55 stant-voltage application source of the invention. The 
constant voltage VP2 is applied to the second pumping 
cell 8 in a direction such that the porous electrodes 8c 
and 8b become a positive electrode and a negative 
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electrode, respectively. As a result, current flows from 
the porous electrode 8c to the porous electrode 8b to 
thereby pump out oxygen from the second measure- 
ment space 26. The constant voltage VP2 is set at a 
voltage, for example 450 mV, such that the NOx compo- 5 
nerrt contained in the measurement gas flowing from 
the first measurement space 20 to the second measure- 
ment space 26 via the diffusion-controlling layers 6d 
and 22d are decomposed, to thereby pump out an oxy- 
gen component from the measurement gas. 10 
[0052] The resistor R3 is adapted to convert the sec- 
ond pumping current IP2 flowing through the second 
pumping cell 8 as a result of applying the constant volt- 
age VP2, to a voltage VIP2, and adapted to input the 
voltage VIP2 to the ECU 50 as a detection signal corre- 15 
sponding to the second pumping current IP2. 
[0053] In the apparatus for detecting a functional con- 
dition of the NOx occlusion catalyst S3, the control cir- 
cuit 40 controls the concentration of oxygen in the 
measurement gas which has entered into the first 20 
measurement space 20 via the diffusion-controlling 
layer (first diffusion-controlling layer) 4d, to a constant 
level. The measurement gas controlled to a constant 
oxygen concentration flows from the first measurement 
space 20 to the second measurement space 26 via the 25 
diffusion-controlling layers (second diffusion-controlling 
layers) 6d and 22d. Accordingly, the first pumping cur- 
rent IP1 flowing through the first pumping cell 4 varies in 
accordance with the concentration of oxygen in the 
measurement gas. The second pumping current IP2 30 
flowing through the second pumping cell 8 varies in 
accordance with the concentration of NOx in the meas- 
urement gas. Thus, by reading the detection signals 
VIP1 and VIP2 corresponding to the first and second 
pumping currents IP1 and IP2, respectively, and by car- 35 
rying out a predetermined computation based on the 
signals thus read, the ECU 50 can determine the con- 
centrations of oxygen and NOx in the measurement 
gas. 

[0054] In order to secure accuracy of measuring the 40 
oxygen and NOx concentrations, the temperature of the 
NOx sensor 2 is preferably controlled to a constant 
level. To meet this requirement, current applied to the 
heaters 12 and 14 from the heater-energizing circuit 44 
is controlled so that the temperature TH detected by the as 
temperature sensor 46 achieves a target temperature. 
[0055] Figs. 4(a)-(c) and also Figs. 14(a)-(c) show 
graphs of the measured second pumping current IP2 of 
the NOx sensor 2, which is located downstream of the 
NOx occlusion catalyst S3, when the engine control unit so 
52 switches the operation control mode of the internal 
combustion engine S1 from operation control at a theo- 
retical air-fuel ratio (hereinafter referred to as normal 
control) to operation control at a lean air-fuel ratio (here- 
inafter referred to as lean control). 55 
[0056] As shown in Figs. 4(a) and 4(b) and also Figs. 
14(a) and 14(b), when the control mode of the internal 
combustion engine S1 is switched from normal control 



(A/F (air-fuel ratio) « 14) to lean control, initially, NOx 
hardly leaks from the NOx occlusion catalyst S3 
because the NOx occlusion catalyst S3 has sufficient 
NOx occlusion capability. Subsequently, as the-NOx 
occlusion capability of the NOx occlusion catalyst S3 
deteriorates with an increase in the amount of NOx 
accumulated on the NOx occlusion catalyst S3 in the 
form of nitrate, leakage of NOx from the NOx occlusion 
catalyst S3 toward the downstream side of the NOx 
occlusion catalyst S3 increases, namely, the concentra- 
tion of NOx in the measurement gas increases, result- 
ing in an increase in the second pumping current IP2. 
Finally, when the NOx occlusion catalyst S3 is almost 
disabled in its ability to store NOx, the concentration of 
NOx in the measurement gas becomes substantially 
equal to the concentration of NOx in the exhaust gas 
flowing into the NOx occlusion catalyst S3. 
[0057] Fig. 4(c) and Fig. 14(c) show the resulting 
measurement in the case of fuel containing sulfur, illus- 
trating deterioration in the NOx occlusion capability 
caused by accumulation of sulfur on the NOx occlusion 
catalyst S3 in the form of sulfate. As seen from Fig. 4(c) 
and Fig. 14(c), the rate of increase or slope in the sec- 
ond pumping current IP2 is greater than in Fig. 4(b) and 
in Fig. 14(b). 

[0058] The process of detecting a functional condition 
of the NOx occlusion catalyst S3 by the ECU 50 will next 
be described using the flowchart of Fig. 5. 
[0059] This process is repeatedly executed after the 
NOx sensor 2 is activated by applying current to the 
heaters 12 and 14. 

[0060] As shown in Fig. 5, first, in S1 10 (S represents 
"step"), a timer for use in the process is reset. Subse- 
quently, in S120, based on operation control information 
received from the engine control unit 52, the ECU 50 
determines whether the engine control unit 52 has 
started lean control. Upon detecting the start of lean 
control, the ECU 50 proceeds to S130. 
[0061] In S130, the ECU 50 starts the time which was 
reset in S110. Subsequently, in S140, the ECU 50 
determines whether a waiting time Tw has elapsed. 
[0062] During a certain time immediately after switch- 
ing from normal control to lean control, the concentra- 
tion of oxygen in the exhaust gas is unstable. 
Accordingly, the offset of the second pumping current 
IP2 varies, thereby disabling accurate detection. Thus, 
the waiting time Tw is set to a length such that variation 
in the second pumping current IP2 induced by switching 
the control mode is sufficiently settled. 
[0063] Upon detecting elapse of the waiting time Tw in 
S140, the ECU 50 proceeds to S150. In S150, the ECU 
50 reads the detection signal VIP2 to thereby detect the 
second pumping current IP2, namely, the ECU 50 
serves as the second pumping-current detection 
means. 

[0064] Next, in S160, serving as the temperature 
detection means and the inflow gas conditions detection 
means, the ECU 50 detects the temperature TH of the 
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NOx sensor 2, the negative pressure Pb in the suction 
pipe, and the engine speed Ne using the temperature 
sensor 46, the pressure sensor 47, and the rotational 
speed sensor 48, respectively. Subsequently, in S170, 
the ECU 50 calculates allowable variation ranges for the 5 
negative pressure Pb in the suction pipe and the engine 
speed Ne. 

[0065] The all owabl e variation ranges are determined 
by the steps of: calculating respective average values of 
the negative pressure Pb in the suction pipe and the 10 
engine speed Ne detected repeatedly in S160; and 
determining a range composed of each of the calcu- 
lated average values, serving as a center value of the 
range, and a predetermined tolerance (for example, 
±1 0%), as a set value for each of the allowable variation 15 
ranges. 

[0066] The allowable variation ranges serve as refer- 
ence values for detecting abrupt variations of the flow 
rate of exhaust gas flowing into the NOx occlusion cata- 
lyst S3, the concentration of NOx in the exhaust gas, 20 
and the air-fuel ratio. Exhaust gas conditions are not 
directly detected, but are indirectly detected based on 
operating conditions of the internal combustion engine 
S1 , such as the engine speed Ne and the negative pres- 
sure Pb in the suction pipe which are determinants of 25 
the exhaust gas conditions. 

[0067] Specifically, in the present embodiment, the 
second pumping current IP2 detected in S150 is com- 
pensated for temperature based on the sensor temper- 
ature TH, which will be described later. In the case of a 30 
great variation in operating conditions, sufficiently high 
accuracy may not be obtained even through compen- 
sated for temperature. To prevent such a problem, 
allowable variation ranges are defined in which a suffi- 
ciently high accuracy can be obtained by temperature 35 
compensation. 

[0068] In S180, the ECU 50 judges whether the neg- 
ative pressure Pb in the suction pipe and the engine 
speed Ne detected in S160 fall within the respective 
allowable variation ranges set in S170. When even 40 
either Pb or Ne fails to fall within the corresponding 
allowable variation range, the ECU 50 proceeds to S1 90 
and stops the timer. Subsequently, in S200, the ECU 50 
outputs a request for refreshment of the NOx occlusion 
catalyst S3 to the engine control unit 52 and terminates 45 
the detection process. 

[0069] In S1 80, when the ECU 50 judges that both the 
negative pressure Pb in the suction pipe and the engine 
speed Ne fall within the respective allowable variation 
ranges, the ECU 50 proceeds to S210. In S210, serving so 
as the second correction means, the ECU 50 corrects 
the second pumping current IP2 detected in S150 
based on the sensor temperature TH detected in S160. 
[0070] Specifically, in the present embodiment, cur- 
rent applied to the heater-energizing circuit 44 is con- ss 
trolled such that the temperature detected by the 
temperature sensor 46 becomes constant. However, 
when exhaust temperature drops temporarily in associ- 



ation with an increase in intake air volume during accel- 
eration of the internal combustion engine S1 or when 
exhaust temperature rises temporarily in association 
with a decrease in intake air volume during deceleration 
of the internal combustion engine S1 , the NOx sensor 2 
is affected by the temperature variation. As a result, 
both the first pumping current IP1 and the second 
pumping current IP2 vary. Particularly, the second 
pumping current IP2 takes a relatively long time (about 
1 minute) until it is stabilized. This is because once the 
concentration of oxygen in the first measurement space 
20 deviates from a target concentration due to the first 
pumping current IP1 being affected by variations in 
exhaust temperature, it takes time to restore the oxygen 
concentration to the target concentration. This variation 
in oxygen concentration causes a variation in offset of 
the second pumping current IP2. 
[0071] In the present embodiment, in order to accu- 
rately cancel variation in offset of the second pumping 
current IP2 regardless of abrupt variations in the 
exhaust temperature, the temperature of the NOx sen- 
sor 2 is measured by means of the temperature sensor 
46, and the amount of temperature correction is deter- 
mined based on the measured temperature and using, 
for example, the temperature correction map of Fig. 6. 
Based on the thus determined amount of temperature 
correction, the second pumping current IP2 is cor- 
rected. 

[0072] In S220, using the corrected second pumping 
current IP2, the ECU 50 calculates a relative value AIP2 
with respect to the second pumping current IP2o which 
is detected first (at time t1 in Fig. 4) after start of the 
timer (AIP2 = IP2 - IP2o) . Subsequently, in S230, serv- 
ing as the functional deterioration judgment means, the 
ECU 50 determines whether the relative value AIP2 is 
equal to or greater than a predetermined value Ic. In the 
case of a NO judgment, the ECU 50 considers that the 
NOx occlusion catalyst S3 still has occlusion capability 
(the catalyst S3 is not deteriorated yet), and returns to 
S150. 

[0073] The predetermined value Ic is not particularly 
limited so long as the value Ic is smaller than the second 
pumping current IP2 as detected when the NOx occlu- 
sion catalyst becomes disabled and does not store NOx 
at all, but is preferably about 70% to 80% of the 
detected second pumping current IP2. 
[0074] While the ECU 50 repeats the steps S150- 
S180 and S210-S230, NOx contained in the exhaust 
gas accumulates on the NOx occlusion catalyst S3 in 
the form of nitrate. As the amount of accumulated nitrate 
increases with the elapse of time, the NOx occlusion 
capability deteriorates, and the concentration of NOx in 
the measurement gas as measured at a location down- 
stream of the NOx occlusion catalyst S3 increases. 
Accordingly, the second pumping current IP2 and its rel- 
ative value AIP2 increase gradually. 
[0075] As a result, the relative value AIP2 becomes 
equal to or greater than the predetermined value Ic, 
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resulting in a YES judgment in S230. The ECU 50 then 
proceeds to S240. In S240, serving as the current- 
increasing-time measuring means, the ECU 50 stops 
the timer and records the reading of the timer as a 
measurement TO. Subsequently, in S250, serving as 5 
the allowable value setting means, the ECU 50 calcu- 
lates a time threshold Tth used for detecting an anomaly 
in the occlusion capability of the NOx occlusion catalyst 
S3. 

[0076] Specifically, the time threshold Tth is calculated 10 
in the following manner The ECU 50 estimates the flow 
rate of exhaust gas and the concentration of NOx con- 
tained in the exhaust gas based on respective average 
values of the negative pressure Pb in the suction pipe 
and the engine speed Ne which are repeatedly detected 75 
in S160 while the timer is active. Based on the esti- 
mated flow rate and NOx concentration, the ECU 50 
estimates the time required for the second pumping cur- 
rent IP2 to exceed the predetermined value Ic. The 
thus-estimated time is set as the time threshold Tth. 20 
Notably, the time threshold Tth may be determined 
using a map which contains as parameters an average 
negative pressure Pb in the suction pipe and an aver- 
age engine speed Ne. 

[0077] Subsequently, in S260, serving as the func- 25 
tional anomaly judgment means, the ECU 50 deter- 
mines whether the measurement TO stored in S240 is 
smaller than the time threshold Tth. In the case of a NO 
judgment, the ECU 50 considers that the NOx occlusion 
catalyst S3 suffers functional deterioration due to accu- 30 
mulation of nitrate, and proceeds to S200. In S200, the 
ECU 50 outputs a request for refreshing of the NOx 
occlusion catalyst S3 to the engine control unit 52. 
[0078] By contrast, in the case of a YES judgment in 
S260, the ECU 50 considers that the NOx occlusion cat- 35 
alyst S3 suffers an anomaly such as accumulation of 
sulfate or exfoliation of an NOx storage material, and 
proceeds to S270. In S270, the ECU 50 outputs a 
request for catalyst burnout to the engine control unit 52 
and then terminates the detection process. 40 
[0079] Upon receipt of a request for refreshment from 
the ECU 50, the engine control unit 52 controls the 
operating conditions of the internal combustion engine 
S1 so as to temporarily establish a rich air-fuel ratio, 
thereby causing unburned gas to be emitted from the 45 
internal combustion engine S1. By reaction of the 
unburned gas with nitrate accumulated on the NOx 
occlusion catalyst S3, the NOx occlusion catalyst S3 is 
refreshed. Upon receiving a request for catalyst burnout 
from the ECU 50, the engine control unit 52 temporarily so 
establishes such conditions so as to reduce sulfate 
accumulated on the NOx occlusion catalyst S3 by reac- 
tion, thereby refreshing (burning out) the NOx occlusion 
catalyst S3. 

[0080] As described above, in the apparatus for 55 
detecting a functional condition of the NOx occlusion 
catalyst according to the present embodiment, when the 
relative value AIP2 with respect to the second pumping 



current IP2 detected at the time tl after start of lean 
control, or operation control of the internal combustion 
engine S1 at a lean air-fuel ratio, increases by the pre- 
determined value Ic, namely, when the amount of NOx 
leaking from the NOx occlusion catalyst S3 increases 
by a predetermined value, the occlusion capability of 
the NOx occlusion catalyst S3 is judged to have deteri- 
orated. Also, when a time TO required for the relative 
value AIP2 to increase by the predetermined value Ic is 
smaller than the time threshold Tth, the occlusion capa- 
bility of the NOx occlusion catalyst S3 is judged to suffer 
an anomaly. 

[0081 ] Thus, in the present embodiment, by using the 
relative value AIP2, which cancels an offset of the sec- 
ond pumping current IP2, and by using variation of the 
second pumping current IP2 with respect to time 
(namely, slope), a functional deterioration of the NOx 
occlusion catalyst S3 is detected without using the 
absolute value of the second pumping current IP2. 
Thus, accurate detection can be carried out without 
being affected by an offset of the second pump current 
IP2. 

[0082] Furthermore, in the present embodiment, 
based on the sensor temperature TH detected by the 
temperature sensor 46, an offset of the second pumping 
current IP2 is compensated for temperature variation. 
Thus, detection is not affected by variation of the sensor 
temperature, if any, during detection. 
[0083] Also, in the present embodiment, parameters 
(the negative pressure Pb in the suction pipe and the 
engine speed Ne) indicative of operating conditions of 
the internal combustion engine S1 are successively 
detected. When either of the detected values fails out- 
side the corresponding allowable variation ranges, this 
phenomenon is considered indicative of abrupt variation 
in operating conditions. Thus, judgment on functional 
deterioration is interrupted, and a request for refresh- 
ment is immediately output. 

[0084] Accordingly, erroneous judgments are reliably 
prevented that would otherwise cause an unnecessary 
request for catalyst burnout and, which would impose a 
burden on the apparatus. 

Second Embodiment 

[0085] A second embodiment of the present invention 
is next described below. 

[0086] The present embodiment is partially different 
from the first embodiment in the functional condition 
detection process performed by the ECU 50. Thus, only 
a different portion of the process will be described. 
[0087] Fig. 7 is a flowchart showing the functional con- 
dition detection process in the present embodiment. 
S3 10 to S350 are identical to the corresponding steps of 
the first embodiment. Specifically, the ECU 50 resets 
the timer (S310); when the operation control mode of 
the internal combustion engine S1 is switched to lean 
control (S320), the ECU 50 starts the timer (S330); and 
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upon elapse of the waiting time Tw (S340), the ECU 50 
starts to detect the s cond pumping current IP2 (S350). 
[0088] In S360, the ECU 50 detects the sensor tem- 
perature TH, the negative pressure Pb in the suction 
pipe, and the engine speed Ne by means of the temper- s 
ature sensor 46, the pressure sensor 47, and the rota- 
tional speed sensor 48, respectively. Also, serving as 
the oxygen concentration detection means, the ECU 50 
detects the first pumping current IP1 by reading the 
detection signal VIP1 . 10 
[0089] Subsequently, in S370, the ECU 50 calculates 
an allowable variation range for the first pumping cur- 
rent IP1. The allowable variation range is determined by 
the steps of: calculating an average value of the first 
pumping current IP1 detected repeatedly in S360; and is 
determining a range composed of each of the calcu- 
lated average values, serving as a center value of the 
range, and a predetermined tolerance (for example, 
±1 0%), as a set value for each of the allowable variation 
ranges. 20 
[0090] In S380, the ECU 50 judges whether the first 
pumping current IP1 detected in S360 falls within its 
allowable variation range set in S370. In the case of a 
NO judgment, as in S190 and S200 of the first embodi- 
ment, the ECU 50 performs S390 and S400; specifi- 25 
caliy, the ECU 50 stops the timer, outputs a request for 
refreshing of the NOx occlusion catalyst S3 to the 
engine control apparatus 52, and then terminates the 
detection process. 

[0091] In the case of a YES judgment in S380, the 30 
ECU 50 proceeds to S410. In S410, serving as the first 
and second correction means, the ECU 50 corrects the 
second pumping current IP2 detected in S350 based on 
the sensor temperature TH and the first pumping cur- 
rent IP1 detected in S360. 35 
[0092] In the present embodiment, the ECU 50 
directly detects variation of the oxygen concentration 
(air-fuel ratio) of the measurement gas, in addition to 
temperature compensation performed in the first 
embodiment, to thereby more accurately correct the 40 
second pumping current IP2. 
[0093] Specifically, in order to make the second pump- 
ing current IP2 correspond only to the concentration of 
NOx contained in the measurement gas, offset values 
of the second pumping current IP2 corresponding to 45 
oxygen concentration values obtained by measuring a 
measurement gas not containing NOx (see Fig. 12) are 
stored in advance in the form of a map. Based on an off- 
set value read from the map while the concentration of 
oxygen in the measurement gas as detected in the form so 
of the first pumping current IP1 is used as a parameter, 
the ECU 50 corrects the detected second pumping cur- 
rent IP2. 

[0094] Subsequently, in S420 to S470, as in S220 to 
S270 of the first embodiment, based on the corrected ss 
second pumping current IP2, the ECU 50 calculates the 
relative value AIP2 with respect to the second pumping 
current IP2o which is detected first after start of the 



timer (S420). Subsequently, the ECU 50 judges 
whether the relative value AIP2 is equal to or greater 
than the predetermined value Ic (S430). If the relative 
value AIP2 is smaller than the predetermined value Ic, 
then the ECU 50 returns to S350. If the relative value A 
IP2 is equal to or greater than the predetermined value 
Ic, then the ECU 50 stops the timer and records the 
reading of the timer as the measurement TO (S440). 
Subsequently, based on respective average values of 
the negative pressure Pb in the suction pipe and the 
engine speed Ne detected repeatedly in S360, the ECU 
50 calculates the time threshold Tth (S450). Then, the 
ECU 50 judges whether the measurement TO stored in 
S440 is smaller than the time threshold Tth (S460). If 
the measurement TO is equal to or greater than the time 
threshold Tth, then the ECU 50 outputs a request for 
refreshment to the engine control unit 52. If the meas- 
urement TO is smaller than the time threshold Tth, then 
the ECU 50 outputs a request for catalyst burnout to the 
engine control unit 52 (S470) and then terminates the 
detection process. 

[0095] As described above, according to the appara- 
tus of the present embodiment for detecting a functional 
condition of the NOx occlusion catalyst, as in the case 
of the first embodiment, by using the relative value AIP2 
of the second pumping current IP2 and variation of the 
second pumping current IP2 with respect to time 
(namely, slope), a functional deterioration of the NOx 
occlusion catalyst S3 is detected without using the 
absolute value of the second pumping current IP2. 
Thus, accurate detection can be carried out without 
being affected by an offset of the second pumping cur- 
rent IP2. 

[0096] Furthermore, in the present embodiment, 
based on not only the sensor temperature TH but also 
the first pumping current IP1, the second pumping cur- 
rent IP2 is corrected. Thus, accurate detection can be 
carried out without being affected by variation of the 
sensor temperature TH and variation of the concentra- 
tion of oxygen (air-fuel ratio) in the measurement gas, if 
any, during detection. 

[0097] Also, because the concentration of oxygen in 
the measurement gas is detected using the NOx sensor 
2 with no need for employing a new sensor, environ- 
mental variation that affects the second pumping cur- 
rent IP2 can be detected more accurately. Accordingly, 
the second pumping current IP2 can be corrected accu- 
rately. 

[0098] The present embodiment assumes that the first 
detected value IP2o, which serves as a reference value 
in calculating the relative value AIP2 of the second 
pumping current, is detected while the NOx occlusion 
catalyst S3 has sufficient NOx occlusion capability. 
When the occlusion capability of the NOx occlusion cat- 
alyst S3 is considerably deteriorated due to, for exam- 
ple, exfoliation of a large amount of an NOx storage 
material, the second pumping current IP2 increases 
abruptly immediately after the operation control mode is 
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switched to lean control, as shown in Fig. 8(a) and (b). 
In this case, at time t1 when detection is first carried out 
after elapse of the waiting time Tw, the second pumping 
current IP2 has already increased greatly. Thus, if the 
second pumping current )P2 detected at time t1 is used 
as a reference value in calculating the relative value 
AIP2 of the second pumping current, the relative value 
AIP2 will not exceed the predetermined value Ic. As a 
result, control may be disabled. 
[0099] To prevent the above problem, for example, the 
upper limit of the timer value may be predetermined. A 
time-out may be considered as an indication of an 
anomaly in the occlusion capability of the NOx occlu- 
sion catalyst S3, and a request for catalyst burnout may 
be output. 

[0100] Alternatively, a plurality of predetermined val- 
ues may be set stepwise for comparison with the sec- 
ond pumping current IP2. The slope of the second 
pumping current IP2 is obtained for each span between 
the adjacent predetermined values. Based on the thus- 
obtained slopes, a determination can be made as to 
whether the above-mentioned anomaly is present. 

Third Embodiment 

[01 01 ] A third embodiment of the present invention is 
next described below. 

[0102] The present embodiment is different from the 
first and second embodiments in the functional condi- 
tion detection process performed by the ECU 50. Thus, 
only a different portion of the process will be described. 
[0103] In the present embodiment, a request for 
refreshment is periodically output at constant intervals 
of time, and-the functional condition detection process 
is only adapted to output a request for catalyst burnout. 
[0104] Fig. 9 is at lowchart showing the functional con- 
dition detection process in the present embodiment. 
S510 to S590 are identical to S3 10 to S390 of the sec- 
ond embodiment. Specifically, the ECU 50 resets the 
timer (S510); when the operation control mode of the 
internal combustion engine S1 is switched to lean con- 
trol (S520), the ECU 50 starts the timer (S530); and 
upon elapse of the waiting time Tw (S540), the ECU 50 
starts to detect the second pumping current IP2 (S550). 
In this detection process, being different from the timers 
used in the first and second embodiments, the timer to 
be started in S530 goes into time-out upon measuring a 
predetermined time Tc. 

[0105] The ECU 50 detects the sensor temperature 
TH, the negative pressure Pb in the suction pipe, and 
the engine speed Ne, and reads the detection signal 
VIP1 (S560). Then, the ECU 50 calculates an allowable 
variation range for the first pumping current IP1 (S570). 
If the first pumping current IP1 detected in S550 falls 
outside the allowable variation range set in S570 (a NO 
judgment in S580), then the ECU 50 stops the timer 
(S590) and then terminates the detection process. 
[0106] If the first pumping current IP1 detected in 



S560 falls within the allowable variation range set in 
S570 (a YES judgment in S580), then the ECU 50 pro- 
ceeds to S600. 

[01 07] In S600, the ECU 50 determines whether the 
s timer has finished measuring the predetermined time Tc 
(time-out). If a time-out is not effected, then the ECU 50 
returns to S550. If a time-out is effected, then the ECU 
50 proceeds to S610. 

[01 08] In S610, serving as the current-increase meas- 
10 uring means, the ECU 50 calculates the relative value 
AIP2 between the second pumping current IP2o as 
detected first after start of the timer and the second 
pumping current IP2e as detected last immediately 
before the timer goes into time-out 
15 (AIP2 = IP2o - IP2e) , namely, an increase in the sec- 
ond pumping current IP2 as measured during a fixed 
time interval (Tc - Tw). Subsequently, in S620, serving 
as the allowable value setting means, the ECU 50 cal- 
culates a current threshold Ith used for detecting an 
20 anomaly in the occlusion capability of the NOx occlu- 
sion catalyst S3. 

[0109] Notably, the current threshold Ith is calculated 
in the following manner. The ECU 50 estimates the flow 
rate of exhaust gas and the concentration of NOx in the 

25 exhaust gas based on respective average values of the 
negative pressure Pb in the suction pipe and the engine 
speed Ne which are repeatedly detected in S560 while 
the timer is active. Based on the estimated flow rate and 
NOx concentration, the ECU 50 estimates an increase 

30 in the second pumping current IP2 during the fixed time 
(Tc - Tw). Based on the thus-estimated increase, the 
current threshold Ith is set. 

[0110] The second pumping currents IP2o and IP2e 
used in calculating the relative value AIP2 may be cor- 
35 rected based on the sensor temperature TH and the first 
pumping current IP1 detected in S560 in a manner sim- 
ilar to that in S210 and S410 of the first and second 
embodiments, respectively. 

[01 1 1 ] In S630, the ECU 50 judges whether the rela- 
te tive value AIP2 calculated in S610 is smaller than the 
current threshold Ith calculated in S620. When, for 
example, as shown in Fig. 10(b), the relative value AIP2 
of the second pumping current is smaller than the cur- 
rent threshold Ith (namely, the slope of the second 
45 pumping current IP2 is smaller than the corresponding 
allowable value), and thus the a YES judgment is per- 
formed in S630, the ECU 50 terminates the detection 
process. By contrast, when, for example, as shown in 
Fig. 10(c), the relative value AIP2 of the second pump- 
so ing current is equal to or greater than the current thresh- 
old Ith (namely, the slope of the second pumping current 
IP2 is equal to or greater than the corresponding allow- 
able value), and thus a NO judgment is performed in 
S630, the ECU 50 proceeds to S640. In S640, the ECU 
55 50 outputs a request for catalyst burnout to the engine 
control unit 52. The ECU 50 then terminates the present 
process. 

[0112] As in the case of Fig. 4, Fig. 10(a)-(c) show 
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graphs of the measured second pumping current IP2 of 
the NOx sensor 2, which is located downstream of the 
NOx occlusion catalyst S3, when the engine control unit 
52 switches the operation control mode of the internal 
combustion engine S1 from operation control at a theo- 5 
retical air-fuel ratio (hereinafter referred to as normal 
control) to operation control at a lean air-fuel ratio (here- 
inafter referred to as lean control). 
[0113] As described above, the slope of the second 
pumping current IP2 after start of operation control at a 10 
lean air-fuel ratio is obtained based on the time TO 
required for the second pumping current IP2 to increase 
by a predetermined value, as in the case of the first and 
second embodiments. Alternatively, the slope of the 
second pumping current IP2 may be obtained based on is 
an increase in AIP2 of the second pumping current as 
measured during the fixed time (Tc - Tw). This also ena- 
bles the present embodiment to produce an effect simi- 
lar to that produced by the first and second 
embodiments. 20 
[0114] Notably, in the present embodiment, the ECU 
50 judges whether the occlusion capability of the NOx 
occlusion catalyst suffers an anomaly, based on the 
increase in AIP2 of the second pumping current as 
measured during the fixed time (Tc - Tw). Alternatively, 25 
this judgment may be performed based on an integral 
value of the second pumping current over the fixed time 
(Tc - Tw). In this case, even when the second pumping 
current IP2 suffers noise, an adverse effect of the noise 
can be lessened; thus, judgment can be performed 30 
highly reliably. 

[0115] The present invention is not limited to the 
above-described embodiments, but may be embodied 
in various other forms. 

[0116] For example, in the above-described embodi- 35 
ments, in S120, S320 and S520, the ECU 50 judges 
whether the operation control mode of the internal com- 
bustion engine S1 is switched to lean control, based on 
operation control information received from the engine 
control unit 52. However, the judgment may be per- 40 
formed by determining whether the first pumping cur- 
rent Ip1, which is proportional to the concentration of 
oxygen in the measurement gas, assumes a value cor- 
responding to an oxygen concentration associated with 
a lean air-fuel ratio. 45 
[0117] In this case, in contrast to the case of utilizing 
operation control information received from the engine 
control unit 52, an actual variation of the exhaust gas 
condition is detected. Thus, a functional condition of the 
NOx occlusion catalyst can be handled in quick so 
response to the variation of an exhaust gas condition. 
[01 1 8] In the above-described embodiments, the tem- 
perature TH of the NOx sensor 2 is obtained using the 
temperature sensor 46. However, as described in Japa- 
nese Patent Application No. 8-296676 filed by the appli- ss 
cants of the present invention, the resistance of the Vs 
cell 6 may be detected, and the temperature of the NOx 
sensor 2 may be obtained based on the detected resist- 



ance. 

[01 1 9] Furthermore, in the above-described embodi- 
ments, a time threshold is set based on the negative 
pressure Pb in the suction pipe and the engine speed 
Ne. However, any parameter may be used so long as it 
has an effect on the flow rate of exhaust gas and the 
concentration of NOx in the exhaust gas. 
[0120] Also, in the above-described second embodi- 
ment, the oxygen concentration is detected using the 
NOx sensor 2. However, a separate oxygen sensor may 
be employed for detecting the oxygen concentration. 

Fourth Embodiment 

[01 21 ] The process of detecting a functional condition 
of the NOx occlusion catalyst S3 by the ECU 50 in 
accordance with a fourth embodiment of the present 
invention will next be described following the flowchart 
of Fig. 15. 

[0122] Concurrent with execution of the detection 
process, a process is executed for reading the sensor 
temperature TH from the temperature sensor 46 and 
controlling the sensor temperature to a constant activa- 
tion temperature. This process is repeatedly executed 
after the NOx sensor 2 is activated by applying current 
to the heaters 12 and 14. 

[01 23] As shown in Fig. 1 5, first, in S71 0 (S represents 
"step"), a timer to be used in the process is reset. Sub- 
sequently, in S720, the ECU 50 judges whether the 
engine control unit 52 is performing lean control. Upon 
detection of lean control being in effect, the ECU 50 pro- 
ceeds to S730. 

[01 24] The ECU 50 may judge whether lean control is 
in effect, on the basis of operation control information 
received from the engine control unit 52. Alternatively, 
the ECU 50 may detect the first pumping current IP1 by 
reading the detection signal VIP1 and may judge 
whether the detected first pumping current IP1 is indic- 
ative of an oxygen concentration corresponding to a 
lean air-fuel ratio, thereby judging whether lean control 
is in effect. 

[01 25] In S730, the ECU 50 starts the time which was 
reset in S710. Subsequently, in S740, the ECU 50 reads 
the detection signal VIP2 to thereby detect the second 
pumping current IP2, and stores the detected value 
together with the associated timer value. In S750, the 
ECU 50 judges whether the waiting time Tw has 
elapsed. In the case of a NO judgment, the ECU 50 per- 
forms S740 again. 

[0126] Notably, while a NO judgment is in effect in 
S750, the ECU 50, in S740, repeatedly detects the sec- 
ond pumping current IP2 at intervals of about 5 to 20 ms 
(sampling rate: 50 Hz to 200 Hz). The waiting time Tw is 
set to a length during which variation in the second 
pumping current IP2 induced by switching the control 
mode from normal control to lean control sufficiently 
settles. 

[0127] When the elapse of the waiting time Tw after 
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start of the timer causes a YES judgment in S750, the 
ECU 50 proceeds to S760. In S760, the ECU 50 
extracts a minimum value, together with an associated 
timer value, from among values of the second pumping 
current IP2 which have been stored through repeated 5 
detection in S740 during the waiting time Tw, and stores 
the extracted minimum value and timer value as a refer- 
ence second pumping current IP2s and a reference 
timer value Ts ( respectively, (see Figs. 14(b) and 14(c)). 
When a plurality of minimum values of the second 10 
pumping current IP2 are present, the last detected min- 
imum value is extracted as the reference second pump- 
ing current IP2s. 

[0128] Herein, a minimum value of the second pump- 
ing current IP2 is extracted after elapse of the waiting is 
time Tw. However, the extraction of the minimum value 
of the second pumping current IP2 may be performed 
such that during the waiting time Tw, upon each detec- 
tion of the second pumping current IP2, the detected 
value is compared with stored values in order to extract 20 
the minimum value. 

[0129] In subsequent S770, as in S740, the ECU 50 
reads the detection signal VIP2 to thereby detect the 
second pumping current IP2 The S770 step is repeat- 
edly performed, which will be described later. Specrfi- 25 
cally, in S770, the ECU 50 repeatedly detects the 
second pumping current IP2 at a detection period 
longer lower than that in S740, i.e., at intervals of about 
20 to 100 ms (sampling rate: 1 Hz to 50 Hz). 
[01 30] In S780, the ECU 50 detects the negative pres- so 
sure Pb in the suction pipe and the engine speed Ne 
using of the pressure sensor 47 and the rotational 
speed sensor 48, respectively. Subsequently, in S790, 
the ECU 50 calculates allowable variation ranges for the 
negative pressure Pb in the suction pipe and the engine 35 
speed Ne. 

[01 31 ] The allowable variation ranges are determined 
by the steps of: calculating respective average values of 
the negative pressure Pb in the suction pipe and the 
engine speed Ne which are repeatedly detected in S780 40 
after the timer is started in S730; and determining a 
range composed of each of the calculated average val- 
ues, serving as a center value of the range, and a pre- 
determined tolerance (for example, ±10%), as a set 
value for each of the allowable variation ranges. 45 
[0132] The allowable variation ranges serve as refer- 
ence values for detecting abrupt variations of the flow 
rate of exhaust gas flowing into the NOx occlusion cata- 
lyst S3, the concentration of NOx in the exhaust gas, 
and air-fuel ratio. Exhaust gas conditions are not directly so 
detected, but are indirectly detected based on operating 
conditions of the internal combustion engine S1, such 
as the engine peed Ne and the negative pressure Pb in 
the suction pipe which are determinants of exhaust gas 
conditions. 55 
[01 33] Specifically, when the concentrations of oxygen 
and NOx in the exhaust gas vary greatly due to, for 
example, variation in operating conditions, the second 



pumping current IP2 may not be detected at a suffi- 
ciently high accuracy. Thus, in the present embodiment, 
the allowable variation ranges are set so as to reliably 
obtain a sufficiently high accuracy, thereby preventing 
an erroneous operation. 

[01 34] In S800, the ECU 50 judges whether the neg- 
ative pressure Pb in the suction pipe and the engine 
speed Ne detected in S780 fall within the respective 
allowable variation ranges set in S790. When even 
either Pb or Ne fails to fall within the corresponding 
allowable variation range, the ECU 50 proceeds to S810 
and stops the timer. Subsequently, in S820, the ECU 50 
outputs a request for refreshment of the NOx occlusion 
catalyst S3 to the engine control unit 52 and terminates 
the detection process. 

[01 35] In S800, when the ECU 50 judges that both the 
negative pressure Pb in the suction pipe and the engine 
speed Ne fall within the respective allowable variation 
ranges, the ECU 50 proceeds to S830. In S830, the 
ECU 50 calculates a relative value AIP2 of a latest sec- 
ond pumping current IP2e detected in S770 with 
respect to the reference second pumping current IP2s 
stored in S760 (AIP2 = IP2e - IP2s) . 
[01 36] In S840, the ECU 50 judges whether the rela- 
tive value AIP2 calculated in S830 is equal to or greater 
than a predetermined value Ic. In the case of a NO judg- 
ment, the ECU 50 considers that the NOx occlusion cat- 
alyst S3 still has the occlusion capability (the catalyst S3 
is not deteriorated yet), and returns to S770. 
[0137] The predetermined value Ic is not particularly 
limited so long as the value Ic is smaller than the second 
pumping current IP2 as detected when the NOx occlu- 
sion catalyst becomes disabled and does not store NOx 
at all, but is preferably about 70% to 80% of the 
detected second pumping current IP2. 
[0138] While the ECU 50 repeats the steps S770- 
S800, S830 and S840, the NOx occlusion capability 
deteriorates, and the concentration of NOx in the meas- 
urement gas as measured at a location downstream of 
the NOx occlusion catalyst S3 increases. Accordingly, 
the second pumping current IP2 and its relative value 
AIP2 increase gradually. 

[0139] As a result, the relative value AIP2 becomes 
equal to or greater than the predetermined value Ic, 
resulting in a YES judgment in S840. The ECU 50 pro- 
ceeds to S850. In S850, the ECU 50 stops the timer and 
calculates a measurement time AT based on the read- 
ing Te of the stopped timer and the reference timer 
value Ts (AT = Te -Ts). Subsequently, in S860, the 
ECU 50 calculates a time threshold Tth used for detect- 
ing an anomaly in the occlusion capability of the NOx 
occlusion catalyst S3. 

[01 40] Specifically, the time threshold Tth is calculated 
in the following manner. The ECU 50 estimates the flow 
rate of exhaust gas and the concentration of NOx in the 
exhaust gas based on respective average values of the 
negative pressure Pb in the suction pipe and the engine 
speed Ne which are repeatedly detected in S780 while 
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the timer is active. Based on the estimated flow rate and 
NOx concentration, the ECU 50 estimates the time 
required for the second pumping current IP2 to exceed 
the predetermined value Ic. The thus-estimated time is 
set as the time threshold Tth. Notably, the time thresh- 5 
old Tth may be determined using a map which contains 
as parameters an average negative pressure Pb in the 
suction pipe and an average engine speed Ne. 
[0141] Subsequently, in S870, the ECU 50 judges 
whether the measurement time AT calculated in S850 is w 
smaller than the time threshold Tth set in S860. In the 
case of a NO a judgment, the ECU 50 considers that the 
NOx occlusion catalyst S3 suffers functional deteriora- 
tion due to accumulation of nitrate, and proceeds to 
S820. In S820, the ECU 50 outputs a request for is 
refreshing of the NOx occlusion catalyst S3 to the 
engine control unit 52. 

[0142] By contrast, in the case of a YES judgment in 
S870, the ECU 50 considers that the NOx occlusion cat- 
alyst S3 suffers an anomaly, such as accumulation of 20 
sulfate or exfoliation of an NOx storage material, and 
proceeds to S880. In S880, the ECU 50 outputs a 
request for catalyst burnout to the engine control unit 52 
and then terminates the detection process. 
[0143] Upon receiving a request for refreshment from 25 
the ECU 50, the engine control unit 52 controls operat- 
ing conditions of the internal combustion engine S1 so 
as to temporarily establish a rich air-fuel ratio, thereby 
causing unburned gas to be emitted from the internal 
combustion engine S1 . By reaction of the unburned gas 30 
with nitrate accumulated on the NOx occlusion catalyst 
S3, the NOx occlusion catalyst S3 is refreshed. Upon 
receiving a request for catalyst burnout from the ECU 
50, the engine control unit 52 temporarily establishes 
such conditions as to reduce sulfate accumulated on 35 
the NOx occlusion catalyst S3 by reaction, thereby 
refreshing (burning out) the NOx occlusion catalyst S3. 
[0144] In the detection process described above, the 
steps S720 to S760 correspond to the minimum value 
detection means of the present invention, and the steps 40 
S830 to S870 correspond to the functional condition 
judgment means of the present embodiment. 
[0145] As described above, the apparatus of the 
present embodiment for detecting a functional condition 
of the NOx occlusion catalyst does not use an absolute 45 
value of the second pumping current IP2, but uses the 
relative value AIP2 of the second pumping current, 
which cancels an offset of the second pumping current 
IP2, in judging a functional condition of the NOx occlu- 
sion catalyst S3 (whether the NOx occlusion catalyst S3 so 
suffers a functional deterioration or a functional anom- 
aly). Thus, accurate judgment can be performed. 
[0146] Furthermore, in the present embodiment, a 
minimum value of the second pumping current IP2s as 
detected during the waiting time Tw after start of lean 55 
control is used as the reference second pumping cur- 
rent IP2s, which serves as a reference value in calculat- 
ing the relative value AIP2 of the second pumping 



current. Thus, even when, due to excessive deteriora- 
tion in the occlusion capability of the NOx occlusion cat- 
alyst, the second pumping current IP2 has already 
increased greatly at the time of elapse of the waiting 
time Tw, a functional condition of the NOx occlusion cat- 
alyst can be reliably judged. 

[0147] Thus, by using the detection apparatus of the 
present embodiment, improved reliability of an exhaust 
gas purification system using the NOx occlusion cata- 
lyst can be obtained. 

[0148] Also, in the present embodiment, parameters 
(the negative pressure Pb in the suction pipe and the 
engine speed Ne) indicative of operating conditions of 
the internal combustion engine S1 are successively 
detected. When either of the detected values falls out- 
side the corresponding allowable variation range, this 
phenomenon is considered indicative of abrupt variation 
of operating conditions. Thus, judgment on functional 
deterioration is interrupted, and a request for refresh- 
ment is immediately output. 

[0149] Accordingly, an erroneous judgment can be 
reliably prevented that would otherwise cause an 
unnecessary request for catalyst burnout and which 
would impose a burden on the apparatus. Thus, the reli- 
ability and durability of the apparatus can be enhanced. 
[0150] The present invention is not limited as 
described above, but may be embodied in various 
forms. 

[0151] For example, in the above-described embodi- 
ment, the detection of the second pumping current IP2 
is performed at high speed only during the waiting time 
Tw. However, the detection of the second pumping cur- 
rent IP2 may be performed at high speed after the 
elapse of the waiting time Tw if the processing capability 
allows it. 

[0152] Also, in the above-described embodiment, a 
detected value of the second pumping current IP2 is 
used as such for calculating the relative value AIP2. 
However, the second pumping current IP2 may be cor- 
rected based on the sensor temperature TH detected by 
the temperature sensor 46 and the first pumping current 
IP1 indicative of the concentration of oxygen in the 
measurement gas, and the thus-corrected second 
pumping current IP2 may be used for calculating the rel- 
ative value AIP2. In this case, even when, during execu- 
tion of control, the offset of the second pumping current 
IP2 varies according to variation in the sensor tempera- 
ture TH and the concentration of oxygen (air-fuel ratio) 
in the measurement gas, such an offset variation is 
compensated for, thereby enabling more accurate 
detection. 

[01 53] Furthermore, in the above-described embodi- 
ment, a minimum value of the second pumping current 
IP2 as detected during the waiting time Tw is used as 
the reference second pumping current IP2s. However, 
if, for some reason, there is a certain danger that the ref- 
erence second pumping current IP2s will be set to a 
large value, and consequently the relative value AIP2 of 
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the second pumping current will be unable to exceed 
the predetermined value Ic even when the NOx occlu- 
sion catalyst is completely disabled from occluding 
NOx, an upper limit may be predetermined for a timer 
value. The case of time-out may be c nskJered as an 
indication of an anomaly in the occlusion capability of 
the NOx occlusion catalyst S3, and a request for cata- 
lyst burnout may be output. 

[0154] Furthermore, in the above-described embodi- 
ment, a time threshold is set based on the negative 
pressure Pb in the suction pipe and the engine speed 
Ne. However, any parameter may be used so long as it 
has an effect on the flow rate of exhaust gas and the 
concentration of NOx in the exhaust gas. 
[0155] While the invention has been described in 
detail and with reference to specific embodiments there- 
fore, it will be apparent to one skilled in the art that vari- 
ous changes and modifications can be made therein 
without departing from the spirit and scope thereof. 

Claims 
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1. A method for detecting a functional condition of an 
NOx occlusion catalyst, wherein an NOx sensor is 
disposed in an exhaust pipe of an internal combus- 25 
tion engine at a location downstream of said NOx 
occlusion catalyst, said NOx sensor comprising a 
first measurement space having a first oxygen- 
pumping cell and an oxygen-concentration-meas- 
uring cell and communicating with a measurement 30 
gas via a first diffusion-controlling layer, each of 
said first oxygen-pumping cell and said oxygen- 
concentration-measuring cell comprising an oxy- 
gen-ion conductive solid electrolyte layer and 
porous electrodes disposed on opposite surfaces of 35 
said oxygen-ion conductive solid electrolyte layer; a 
second measurement space having a second oxy- 
gen-pumping cell and communicating with said first 
measurement space via a second diffusion-control- 
ling layer, said second oxygen-pumping cell com- 40 
prising an oxygen-ion conductive solid electrolyte 
layer and porous electrodes disposed on opposite 
surfaces of said oxygen-ion conductive solid elec- 
trolyte layer; and a heater for heating said cells to a 
predetermined active temperature, 45 

said method comprising the steps of applying a 
first pumping current to said first oxygen-pump- 
ing cell so that an output voltage from said oxy- 
gen-concentration-measuring cell achieves a so 
predetermined value, thereby controlling the 
concentration of oxygen in said first measure- 
ment space to a constant level; at the same 
time, applying a constant voltage to said sec- 
ond oxygen-pumping cell in a direction such 55 
that oxygen is pumped out from said second 3. 
measurement space; detecting a second 
pumping current which flows through said sec- 



ond oxygen-pumping cell according to the con- 
centration of NOx in the measurement gas; and 
if an increase of said second pumping current 
equal to a predetermined value is detected 
after start of operation control of the internal 
combustion engine at a lean air-fuel ratio, judg- 
ing that the occlusion capability of said NOx 
occlusion catalyst has deteriorated. 

A method for detecting a functional condition of an 
NOx occlusion catalyst, wherein an NOx sensor is 
disposed in an exhaust pipe of an internal combus- 
tion engine at a location downstream of said NOx 
occlusion catalyst, said NOx sensor comprising a 
first measurement space having a first oxygen- 
pumping cell and an oxygen-concentration-meas- 
uring cell and communicating with a measurement 
gas via a first diffusion-controlling layer, each of 
said first oxygen-pumping cell and said oxygen- 
concentration-measuring cell comprising an oxy- 
gen-ion conductive solid electrolyte layer and 
porous electrodes disposed on opposite surfaces of 
said oxygen-ion conductive solid electrolyte layer; a 
second measurement space having a second oxy- 
gen-pumping cell and communicating with said first 
measurement space via a second diffusion-control- 
ling layer, said second oxygen-pumping cell com- 
prising an oxygen-ion conductive solid electrolyte 
layer and porous electrodes disposed on opposite 
surfaces of said oxygen-ion conductive solid elec- 
trolyte layer; and a heater for heating said cells to a 
predetermined active temperature, 

said method comprising the steps of applying a 
first pumping current to said first oxygen-pump- 
ing cell so that an output voltage from said oxy- 
gen-concentration-measuring cell achieves a 
predetermined value, thereby controlling the 
concentration of oxygen in said first measure- 
ment space to a constant level; at the same 
time applying, a constant voltage to said sec- 
ond oxygen-pumping cell in a direction such 
that oxygen is pumped out from said second 
measurement space; detecting a second 
pumping current which flows through said sec- 
ond oxygen-pumping cell according to the con- 
centration of NOx contained in the 
measurement gas; and if a rate of increase of 
said second pumping current greater than an 
allowable value is detected after start of opera- 
tion control of the internal combustion engine at 
a lean air-fuel ratio, judging that an anomaly 
has occurred in the occlusion capability of said 
Nox occlusion catalyst. 

An apparatus for detecting a functional condition of 
an NOx occlusion catalyst (S3), comprising an NOx 
sensor (2) disposed in an exhaust pipe (S2) of an 
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internal combustion engine (S1) at a location down- 
stream of the NOx occlusion catalyst (S3), said 
NOx sensor (2) comprising a first measurement 
space (20) having a first oxygen-pumping cell (4) 
and an oxygen-concentration-measuring cell (6) 5 
and communicating with a measurement gas via a 
first diffusion-controlling layer, each of said first oxy- 
gen-pumping cell (4) and said oxygen-concentra- 
tion-measuring cell (6) comprising an oxygen-ion 
conductive solid electrolyte layer (4a, 6a) and 10 
porous electrodes (4b, 4c, 6b, 6c) disposed on 
opposite surfaces of said oxygen-ion conductive 
solid electrolyte layer (4a, 6a); a second measure- 
ment space (26) having a second oxygen-pumping 
cell (8) and communicating with the first measure- 15 
ment space (20) via a second diffusion-controlling 
layer, the second oxygen-pumping cell (8) compris- 
ing an oxygen-ion conductive solid electrolyte layer 
(8a) and porous electrodes (8b, 8c) disposed on 
opposite surfaces of said oxygen-ion conductive 20 
solid electrolyte layer (8a); and a heater (12, 14) for 
heating said cells (4, 6, 8) to a predetermined active 
temperature, 



said apparatus further comprising: 



25 



first pumping-current control means (40) for 
controlling the concentration of oxygen in said 
first measurement space (20) to a constant 
level by applying a first pumping current to said 30 
first oxygen-pumping cell (4) such that an out- 
put voltage from said oxygen-concentration- 
measuring cell (6) is maintained at a constant 
value; 

35 

a constant-voltage application source for apply- 
ing a constant voltage to said second oxygen- 
pumping cell (8) in a direction such that oxygen 
is pumped out from said second measurement 

\ (26); 40 



second pumping-current detection means for 
detecting a second pumping current which 
flows through said second oxygen-pumping 
cell (8) according to the concentration of NOx 45 
in the measurement gas; and 

functional deterioration judgment means (50) 
for judging that the occlusion capability of said 
NOx occlusion catalyst (S3) has deteriorated so 
when an increase of said second pumping cur- 
rent equal to a predetermined value is detected 
after start of operation control of the internal 
combustion engine (S1) at a lean air-fuel ratio. 

55 

4. The apparatus for detecting a functional condition 
of an NOx occlusion catalyst of claim 3, further 
comprising: 



oxygen concentration detection means for 
detecting the concentration of oxygen in the 
measurement gas based on the first pumping 
current flowing through said first oxygen-pump- 
ing cell (4); and 

first correction means for correcting the second 
pumping current detected by said second 
pumping-current detection means due to varia- 
tion in an offset current of said second oxygen- 
pumping cell (8) based on the oxygen concen- 
tration detected by said oxygen concentration 
detection means. 

5. The apparatus for detecting a functional condition 
of an NOx occlusion catalyst of claim 3 or 4, further 
comprising: 

temperature detection means (46) for detecting 
the temperature of said NOx sensor (2); and 

second correction means for correcting the 
second pumping current detected by said sec- 
ond pumping-current detection means based 
on the temperature of said NOx sensor (2) 
detected by said temperature detection means 
(46). 

6. The apparatus for detecting a functional condition 
of an NOx occlusion catalyst of any of claims 3 to 5, 
wherein said functional deterioration judgment 
means (50) comprises means for detecting the start 
of operation control of the internal combustion 
engine (S1) at a lean air-fuel ratio by detecting a 
variation in said first pumping current 

7. An apparatus for detecting a functional condition of 
an NOx occlusion catalyst (SS), comprising an NOx 
sensor (2) disposed in an exhaust pipe (S2) of an 
internal combustion engine (S1) at a location down- 
stream of the NOx occlusion catalyst (S3), said 
NOx sensor (2) comprising a first measurement 
space (20) having a first oxygen-pumping cell (4) 
and an oxygen-concentration-measuring cell (6) 
and communicating with a measurement gas via a 
first diffusion-controlling layer, each of said first oxy- 
gen-pumping ceil (4) and said oxygen-concentra- 
tion-measuring cell (6) comprising an oxygen-ion 
conductive solid electrolyte layer (4a, 6a) and 
porous electrodes (4b, 4c, 6b, 6c) disposed on 
opposite surfaces of said oxygen-ion conductive 
solid electrolyte layer (4a, 6a); a second measure- 
ment space (26) having a second oxygen-pumping 
cell (8) and communicating with the first measure- 
ment space (20) via a second diffusion-controlling 
layer, the second oxygen-pumping cell (8) compris- 
ing an oxygen-ion conductive solid electrolyte layer 
(8a) and porous electrodes (8b, 8c) disposed on 
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opposite surfaces of said oxygen-ion conductive 
solid electrolyte layer (8a); and a heater (12, 14) for 
heating said cells (4, 6, 8) to a predetermined active 
temperature, 

5 

said apparatus further comprising: 

first pumping-current control means (40) for 
controlling the concentration of oxygen in said 
first measurement space (20) to a constant 10 
level by applying a first pumping current to said 
first oxygen-pumping cell (4) such that an out- 
put voltage from said oxygen-concentration- 
measuring cell (6) is maintained at a constant 
value; 15 

a constant-voltage source for applying a con- 
stant voltage to said second oxygen-pumping 
cell (8) in a direction such that oxygen is 
pumped out from said second measurement 20 
space (26); 

second pumping-current detection means for 
detecting a second pumping current which 
flows through said second oxygen-pumping 25 
cell (8) according to the concentration of NOx 
in the measurement gas; and 

functional anomaly judgment means (50) for 
judging that an anomaly has occurred in the 30 
occlusion capability of said NOx occlusion cat- 
alyst (S3) when a rate of increase of said sec- 
ond pumping current greater than an allowable 
value is detected after start of operation control 
of the internal combustion engine (S1 ) at a lean 35 
air-fuel ratio. 

8. The apparatus for detecting a functional condition 
of an NOx occlusion catalyst of claim 7, further 
comprising: 40 



exhaust gas and the concentration of NOx in the 
exhaust gas based on operating conditions of the 
internal combustion engine (S1). 

10. The apparatus for detecting a functional condition 
of an NOx occlusion catalyst of any of claims 7 to 9, 
wherein said functional anomaly judgment means 
(50) comprises current-increasing-time measuring 
means for measuring a time required for said sec- 
ond pumping current to increase by a predeter- 
mined value after start of operation control of the 
internal combustion engine (S1) at a lean air-fuel 
ratio. 

11. The apparatus for detecting a functional condition 
of an NOx occlusion catalyst of any of claims 7 to 9, 
wherein that said functional anomaly judgment 
means comprises current-increase measuring 
means for measuring an increase of said second 
pumping current during a predetermined period of 
time after start of operation control of the internal 
combustion engine (S1) at a lean air-fuel ratio. 

12. The apparatus for detecting a functional condition 
of an NOx occlusion catalyst of any of claims 7 to 
1 1 , further comprising: 

oxygen concentration detection means for 
detecting the concentration of oxygen in the 
measurement gas based on the first pumping 
current flowing through said first oxygen-pump- 
ing cell (4); and 

first correction means for correcting the second 
pumping current detected by said second 
pumping-current detection means due to varia- 
tion in an offset current of said second oxygen- 
pumping cell (8) based on the oxygen concen- 
tration detected by said oxygen concentration 
detection means. 



inflow gas conditions detection means for 
detecting the flow rate of exhaust gas flowing 
into said NOx occlusion catalyst (S3) and the 
concentration of NOx in the exhaust gas; and as 

allowable value setting means for setting said 
allowable value based on the inflow gas condi- 
tions detected by said inflow gas conditions 
detection means such that said allowable value so 
is set higher as the flow rate of the exhaust gas 
increases or as the concentration of NOx in the 
exhaust gas increases. 

9. The apparatus for detecting a functional condition 55 
of an NOx occlusion catalyst of claim 8, wherein 
said inflow gas conditions detection means com- 
prises means for estimating the flow rate of the 



13. The apparatus for detecting a functional condition 
of an NOx occlusion catalyst of any of claims 7 to 

12, further comprising: 

temperature detection means (46) for detecting 
the temperature of said NOx sensor (2); and 

second correction means for correcting the 
second pumping current detected by said sec- 
ond pumping-current detection means due to 
variation in temperature, based on the temper- 
ature of said NOx sensor (2) detected by said 
temperature detection means (46). 

14. The apparatus for detecting a functional condition 
of an NOx occlusion catalyst of any of claims 7 to 

13, wherein said functional anomaly judgment 
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means (50) comprises means for detecting the start 
of operation control of the internal combustion 
engine (S1) at a lean air-fuel ratio by detecting a 
variation in said first pumping current. 

5 

15. An apparatus for detecting a functional condition of 
an NOx occlusion catalyst (S3), comprising an NOx 
sensor (2) disposed in an exhaust pipe (S2) of an 
internal combustion engine (S1) at a location down- 
stream of the NOx occlusion catalyst (S3), said 10 
NOx sensor (2) comprising a first measurement 
space (20) having a first oxygen-pumping ceil (4) 
and an oxygen-concentration-measuring cell (6) 
and communicating with a measurement gas via a 
first diffusion-controlling layer, each of said first oxy- is 
gen-pumping cell (4) and said oxygen-concentra- 
tion-measuring cell (6) comprising an oxygen-ion 
conductive solid electrolyte layer (4a, 6a) and 
porous electrodes (4b, 4c, 6b, 6c) disposed on 
opposite surfaces of said oxygen-ion conductive 20 
solid electrolyte layer (4a, 6a); a second measure- 
ment space (26) having a second oxygen -pumping 
cell (8) and communicating with the first measure- 
ment space (20) via a second diffusion-controlling 
layer, the second oxygen-pumping cell (8) compris- 25 
ing an oxygen-ion conductive solid electrolyte layer 
(8a) and porous electrodes (8b, 8c) disposed on 
opposite surfaces of said oxygen-ion conductive 
solid electrolyte layer (8a); and a heater (12, 14) for 
heating said cells (4, 6, 8) to a predetermined active 30 
temperature, 

said apparatus further comprising: 

first pumping-current control means (40) for 35 
controlling the concentration of oxygen in said 
first measurement space (20) to a constant 
level by applying a first pumping current to said 
first oxygen-pumping cell (4) such that an out- 
put voltage from said oxygen-concentration- 40 
measuring cell (6) is maintained at a constant 
value; 

constant-voftage application source for apply- 
ing a constant voltage to said second oxygen- 45 
pumping cell (8) in a direction such that oxygen 
is pumped out from said second measurement 
space (26); 

second pumping-current detection means for so 
detecting a second pumping current which 
flows through said second oxygen-pumping 
ceil (8) according to the concentration of NOx 
in the measurement gas; 

55 

minimum value detection means for detecting a 
minimum value of the second pumping current 
during a predetermined waiting time after start 



of operation control of the internal combustion 
engine (S1 ) at a lean air-fuel ratio; and 
functional condition judgment means (50) for 
judging a functional condition of said NOx 
occlusion catalyst (S3) based on a relative 
value calculated as the difference between a 
value of the second pumping current detected 
by said second pumping-current detection 
means after elapse of the waiting time and the 
minimum value of the second pumping current 
detected by said minimum value detection 
means. 

16. The apparatus for detecting a functional condition 
of an NOx occlusion catalyst of claim 15, wherein 
said minimum value detection means comprises 
means for detecting the start of operation control of 
the internal combustion engine (S1) at a lean air- 
fuel ratio based on variation in the first pumping cur- 
rent. 

17. The apparatus for detecting a functional condition 
of an NOx occlusion catalyst of claim 15 or 16, 
wherein said functional condition judgment means 
(50) comprises means forjudging that the occlusion 
capability of said NOx occlusion catalyst (S3) has 
deteriorated when the relative value of the second 
pumping current exceeds a predetermined value. 

18. The apparatus for detecting a functional condition 
of an NOx occlusion catalyst of claim 15 or 16, 
wherein said functional condition judgment means 
(50) comprises means for judging that an anomaly 
has occurred in the occlusion capability of said NOx 
occlusion catalyst (S3) when a time-course varia- 
tion rate of the relative value of the second pumping 
current becomes greater than a predetermined 
allowable value. 

19. A method for detecting a functional condition of an 
NOx occlusion catalyst, wherein an NOx sensor is 
disposed in an exhaust pipe of an internal combus- 
tion engine at a location downstream of said NOx 
occlusion catalyst, said internal combustion engine 
being subjected to operation control at a lean air- 
fuel ratio and emitting an exhaust gas containing 
NOx, said method comprising the steps of: 

(a) detecting the NOx concentration of said 
exhaust gas downstream of said NOx occlu- 
sion catalyst, including detecting an increase in 
said NOx concentration after start of operation 
control of the internal combustion engine at a 
lean air-fuel ratio; and 

(b) judging that the occlusion capability of said 
NOx occlusion catalyst has deteriorated if an 
increase in said NOx concentration equal to a 
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predetermined value is detected after start of 
operation control of the internal combustion 
engine at a lean air-fuel ratio. 

20. A method for detecting a functional condition of an s 
NOx occlusion catalyst, wherein an NOx sensor is 
disposed in an exhaust pipe of an internal combus- 
tion engine at a location downstream of said NOx 
occlusion catalyst, said internal combustion engine 
being subjected to operation control at a lean air- 10 
fuel ratio and emitting an exhaust gas containing 
NOx, said method comprising the steps of: 

(a) detecting the NOx concentration of said 
exhaust gas downstream of said NOx occlu- is 
sion catalyst, including detecting a rate of 
increase in said NOx concentration after start 

of operation control of the internal combustion 
engine at a lean air-fuel ratio; and 

20 

(b) judging that an anomaly has occurred in the 
occlusion capability of said NOx occlusion cat- 
alyst if a rate of increase of said NOx concen- 
tration greater than an allowable value is 
detected after start of operation control of the 25 
internal combustion engine at a lean air-fuel 
ratio. 

21 . An apparatus for detecting a functional condition of 

an NOx occlusion catalyst, comprising an NOx sen- 30 
sor for detecting NOx concentration disposed in an 
exhaust pipe of an internal combustion engine at a 
location downstream of said NOx occlusion cata- 
lyst, said internal combustion engine being sub- 
jected to operation control at a lean air-fuel ratio 35 
and emitting an exhaust gas containing NOx, said 
apparatus further comprising functional deteriora- 
tion judgment means for judging that the occlusion 
capability of said NOx occlusion catalyst has deteri- 
orated including means for detecting an increase in 40 
said NOx concentration equal to a predetermined 
value after start of operation control of the internal 
combustion engine at a lean air-fuel ratio. 

22. An apparatus for detecting a functional condition of 45 
an NOx occlusion catalyst, comprising an NOx sen- 
sor for detecting NOx concentration disposed in an 
exhaust pipe of an internal combustion engine at a 
location downstream of said NOx occlusion cata- 
lyst, said internal combustion engine being sub- so 
jected to operation control at a lean air-fuel ratio 
and emitting an exhaust gas containing NOx, said 
apparatus further comprising functional anomaly 
judgment means for judging that an anomaly has 
occurred in the occlusion capability of said NOx ss 
occlusion catalyst including means for detecting a 
rate of increase in said NOx concentration greater 
than an allowable value after start of operation con- 



trol of the internal combustion engine at a lean air- 
fuel ratio. 

23. An apparatus for detecting a functional condition of 
an NOx occlusion catalyst, comprising an NOx sen- 
sor for detecting NOx concentration disposed in an 
exhaust pipe of an internal combustion engine at a 
location downstream of said NOx occlusion cata- 
lyst, said internal combustion engine being sub- 
jected to operation control at a lean air-fuel ratio 
and emitting an exhaust gas containing NOx, said 
apparatus further comprising: 

(a) minimal value detection means for detecting 
a minimum value of the NOx concentration of 
the exhaust gas downstream of said NOx 
occlusion catalyst during a predetermined wait- 
ing time after start of operation control of the 
internal combustion engine at a lean air-fuel 
ratio; 

(b) means for calculating the difference 
between the NOx concentration detected after 
elapse of the waiting time and the minimum 
value of the NOx concentration as a relative 
value; and 

(c) functional condition judgment means for 
judging a functional condition of the NOx occlu- 
sion catalyst based on said relative value. 

24. The apparatus for detecting a functional condition 
of an NOx occlusion catalyst of claim 23, which 
comprises means for judging that the occlusion 
capability of said NOx occlusion catalyst has deteri- 
orated when said relative value exceeds a predeter- 
mined value. 

25. The apparatus for detecting a functional condition 
of an NOx occlusion catalyst of claim 23, which 
comprises means for judging that an anomaly has 
occurred in the occlusion capability of said NOx 
occlusion catalyst when a time-course variation 
rate of said relative value exceeds a predetermined 
allowable value. 

26. A method for detecting a functional condition of an 
NOx occlusion catalyst, wherein an NOx sensor is 
disposed in an exhaust pipe of an internal combus- 
tion engine at a location downstream of said NOx 
occlusion catalyst, said internal combustion engine 
being subjected to operation control at a lean air- 
fuel ratio and emitting an exhaust gas containing 
NOx, said method comprising the steps of: 

(a) detecting the NOx concentration of said 
exhaust gas downstream of said NOx occlu- 
sion catalyst, including detecting a minimum 
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value of the NOx concentration of exhaust gas 
downstream of said NOx occlusion catalyst 
during a predetermined waiting time after start 
of operation control of the internal combustion 
engine at a lean air-fuel ratio; 5 

(b) calculating the difference between the NOx 
concentration detected after elapse of the wait- 
ing time and the minimum value of the NOx 
concentration as a relative value; and 10 

(c) judging a functional condition of the NOx 
occlusion catalyst based on said relative value. 

27. The method for detecting a functional condition of is 
an NOx occlusion catalyst of claim 26, which com- 
prises judging that the occlusion capability of said 
NOx occlusion catalyst has deteriorated when said 
relative value exceeds a predetermined value. 

20 

28. The method for detecting a functional condition of 
an NOx occlusion catalyst of claim 26, which com- 
prises judging that an anomaly has occurred in the 
occlusion capability of said NOx occlusion catalyst 
when a time-course variation rate of said relative 25 
value exceeds a predetermined allowable value. 
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